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Fallacy of Per-Weight and Per Surf ace Area 
Standards, and Their Relation to Spurious Correlation 

J. M. TANIJER. From the Anthropological Laboratory, Department 
of Human Anatomy, Oxford University, and Sherrington School of 
Pliysiology,St. Thomas’s Hospital, London University, London, England 

T) 

JL^oih in physiology and clinical medicine, the results of some measure- 
ments, for example, of oxygen consumption and cardiac output, are commonly 
expressed as per-weight or per-surface area ratios. Normal standards for both 
these variables, in fact, have been constructed on this basis; and as more simi- 
lar variables come to be measured on the human being, the number of standards 
constructed and of results reported in this way, may be expected to increase. 
It seems useful to point out, therefore, that such standards are theoretically 
fallacious, and in practice (except under very special circumstances discussed 
below) misleading. The fallacy involved may be considered as a special case 
of that well known to statisticians as the spurious correlation of indices. 

The writer first became aware of this situation when constructing some 
new standards for cardiac output in man (i). A cursory review of the litera- 
ture revealed that the consequences of using these ratios were not at all widely 
realized. Examples immediately came to light where investigators had drawn 
positive conclusions not justified by their data, had been confused by a seem- 
ingly uninterpretable phenomenon in their results, had proposed a less effective 
and more biased normal standard in preference to a more effective and less 
biased one, had reduced a correlation between two physiological functions 
from a very high to a medium value, and had invented a new clinical syndrome. 
AH these events were wholly or in major part due to the incautious use of 
ratios. Examples of each are given in the second half of this paper, by way of 
making the point that the theoretical discussion which now follows has a se- 
verely practical upshot. The examples concern cardiac output, basal metab- 
olism standards in adults and children, the relation of body build and oxygen 
consumption, and the choice of plasma volume standards in man; and in the 
dog, the statistics of renal plasma flow and glomerular filtration rate. 

Received for publication February 10, 1949. 
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The theoretical argument is such that the reader whose knowledge of 
statistics extends merely to the understanding of the words mean, ratio, stand- 
ard deviation, correlation coefficient and regression line will be able to follow 
It m detail. 

THEORETICAL 

Brrcr of the Ratio Standard. The subject can most easily be introduced 
by reference to cardiac output data on 50 healthy young men reported else- 
where (i). Figure i shows the stroke volume of the heart plotted against body 
weight in the human. Now the use of the ratio per-weight standard implies 
that in the normal person, the stroke volume is proportional to the weight; in 
fact that the expression 

Str. vol. « k. wt. 



Fig. I. Relation of stroke volume of tke heart and body weight. 

holds good over the range of values of weight for which the standard is used; 
that is, all normal adult values. The constant k is determined by the mean 
values of the series of data on which the standard is founded. Thus the line 
in figure 1 marked Equation A passes through the point of the two means, and 
by virtue of the form of the equation, through the origin also. If this line were 
really a newly constructed per-weight standard, we should judge any given 
stroke volume as normal or abnormal according to how far away from the line 
our value fell; that is, how far from the figure 1.45 cc/kg. the stroke volume 
was. This is in fact current clinical practice, using either the per-weight or 
per-surface area standard. Now actually, this expression by no means repre- 
sents the mathematically ‘best’ or ‘true’ relation between stroke volume and 
weight. The best relation is that given by the regression equation (we are 
assuming rectilinearity of regression, which is justified at least as a first ap- 
proximation) and this equation is. 

Str. vol. (cc.) » .32 wt. (kg.) + 79.5. 


( 5 ) 
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This is die line called Equalion B in figure i, and it will be seen that it only 
coincides intli that of Equalion A at one point, the means. The ratio standard 
implies diat the line of regression, that is the line fitting most closely the actual 
data, passes through the origin, and it is here that the fallacy lies. The as- 
sumption is unwarranted and obviously untrue, and results from an unjustified 
e.\tension of the linear relationship into regions where it certainly does not 
apply, outside the adult range. The somewhat speculative argument that a 
person of no weight has no stroke volume is quite beside the point. 

The difference in normal standards constructed from equations A and B 
is considerable. Equation B should be our proper standard, and it can be seen 
from figure i that a heav}’’ man of 90 kg. will be given by the ratio per-weight 
standard a ‘normal’ stroke volume which is too high, by as much, in this in- 
stance, as 21 per cent. It is, indeed, at least partly this fallacious standard 
which has given rise to the idea that heavy men have relatively low stroke 
volumes; Starr’s statement that “we found that the lowest values were fre- 
quently obtained on subjects definitely overweight” (2). Light people, on 
the contrary, toU have too high an output as judged by the current standard, 
which gives them too low normal values. The error is about 22 per cent for a 
person of 50 kg. Consequently thin people have been said to have excessively 
high cardiac outputs and indeed some of the cases described by Starr and 
Jonas (3) as ‘essential byperkinemia’, not those who had very elevated pulse 
rates, may have been suffering from no more formidable a disease than statisti- 
cal artefact. The per-surface area standard leads to a similar, though not 
such a numerically large error. 

We must now examine the matter in rather more detail. The actual re- 
gression equation, such as B, using X and Y as raw scores, i as the regression 
coefficient and a as the value of Y when X = o, is 

y = -F o, (Q 

This line wiU only coincide with the ratio line Y = kX when the two regression 
coefficients, i and k, are equal, and when a is zero. This condition can be con- 
veniently put in another form for those who are more familiar with the ter- 
minology of correlation coefficients. If Mx and My are the means of the x and 
y variables, and r is the coefficient of correlation between them, the regression 
equation C becomes 

y = — ^ X -f (m, - — " mA (cz) 

CTi \ <Tx / 

This line wiU only pass through the origin when the term in the bracket is 
zero, i.e. when 
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Fig. 2. Ratio line and regression lines to show the varying values of r*^. 

This, then is the condition that the regression line should be coincident with 
the ratio line (since both lines go through the mean always). Figures 2, 3 and 
4 illustrate this. In figure 2 data are oxygen consumption per minute follow- 
ing a standard exercise, and body weight, on 74 subjects (4). The dotted line 
is the per-weight line, and the solid lines show the effect of various values of r 
between weight and oxygen consumption (the one actually observed being 
0.27). In this example the ratio of the coefficients of variation is 1.19, and 
since r can never be this large, no regression line can exist which would coincide 
with the ratio-line. But as r increases, the lines do get closer, and the error 
caused by the use of a ratio standard gets less. The percentage errors for a 
man of 2<r above the mean in weight are shown for various values of r. Fof 
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the real data, supposing the ratio line had been a standard, the actually best 
prediction for such a man would have been called about 15 per cent too low. 

The actual amount by which the regression equation value differs from 
the ratio equation value can be very simply obtained from the equations of the 
two lines A and C. Thus 


- Frtttio: ^bX + a-kX 

= (6 - lc)X + fl (E) 


WTien i = h, the difference between the equations is independent of X and 
equal to a; the lines are, in fact parallel. Under any other circumstances 
however, Frcgr. — Fratio is dependent upon the value of X, and gets progres- 
sively larger numerically as X departs more from its mean value. The lines, 
coincident at the mean, diverge more and more as we go away from the mean. 
The ratio equation gives Y/X, stroke volume/wt., as a constant k, but the 
regression equation leads to 

~ = hA-- {Ei) 

X X 

that is, stroke volume/wt. not constant, but inversely proportional to the 
weight. In actual figures, in the data of equation B 


Str. vol. , 79.S 

__ — = .32 + 

wt* wt. 


(£2) 


In other words, and in general, there actually exists a correlation between y/x 


, , Vx Vx 

and X, and this can be shown to be positive if — < r and negative if — > r. 

The ratio standard ignores the existence of this correlation. 

Relation of the Ratio Standard to Spurious Correlation. This is the crux of 
the matter. This correlation is merely a special example of a class of correlations 
very well known to statisticians and described originally by Karl Pearson in 
1897, under the heading of ‘spurious correlation between indices’ (5). The 
general formula for the coefi&cient of correlation between two indices formed 
from the variables i, 2, 3, 4 (i.e. indices i and |) was shown by Pearson to be 


^ — riiViV4 — r23V2V3 + r3iVsV4 

-f- — arjs Vi V3 -p — 2r2iV2Vt 

For the case y/x and s/i, variable 4 is a constant, 1)4 = 0 and we have 

^ _ ri2Vl1>2 — r2iV2l>3 

V vi^ -t- — 2ris Vi ZI3 \/j^ 

ri2Vl — TizVz 


(F) 






irizViVz 


(G) 
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and for our particular case, which is y/x and x, variable 2 = variable ^ and 


r - — V2 

V + — 2^12 Vs 

Thus expression H actually measures the degree of departure of the ratio per- 
weight standard from the true regression standard, in given circumstances of 
Vx, Vy and r^u. It is, for example, zero when the two standards coincide- In 
passing, we may note that this ex-pression reduces, if 2; and y are uncorrelated, to 

— t>2 

Vvi= + ^2- 

and this further reduces to the value -.71 if s;* = v,. (This is the figure for 
our special case corresponding to Pearson’s well known figure of 0.5 for the 
general one). 



Fig. 3. To SHOW DIFFERENCE between ratio and regression lines when vj/v„ > i. 


In figure 2 the correlation between Os/wt. and wt. for the actual data is 


0.27 X lo.i — is.o 

lo.i® + 12.0^ — 2 X .27 X lo-i X 12.0 


—0.694 


Figure 3 illustrates an even more marked case. (The data have for convenience 
been taken from Rees and Eysenck’s study of 200 subjects (6), the present 
graphs being constructed only for the present occasion: the paper quoted has 
nothing to do with this fallacy.) Here the stature/wt. and wt. correlation is 
— 0.93, largely because the value of % is so much greater than Vy. If the dotted 
line here represented a standard, that standard would be wildly wrong. 

In all these illustrations, the correlation of y/x and x was negative; that 
is, heavy men were given too high a standard and their ^true’ value would 
thus be said to be too low. With weight as the aj-variable, it is rather hard to 
find an example of the opposite situation, but a somewhat artificial one, be- 
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tween age and weight, is shown in figure 4 (6). Here is less than Vy and for 
Ifigli correlations of weight [x) and age (y), one would be led to a ratio standard of 
age for weight where hea\y men would be given too low a standard for age. 
(Such an error introduced into our reckoning of age would lead to the social 
situation wherein the heavier a man was the younger he would be reckoned, 
and the lighter, the more aged; the effects on differential mortality from the 
behaHor following such an assumption, and the activities of food firms, can 
well be imagined; but the e.\-ample is hypothetical.) For low values of the 
age-weight correlation, the relation of ratio standard to true standard is re- 
versed, and the two coincide at r = 0.55. Since in the actual data the age- 
weight correlation was zero, the (spurious) correlation of age/wt. and wt. is 
-.48. 



Fig. 4. To SHOW DOTERENcE between ratio and regression lines when vi/vy < i. 

EXAMPLES 
Basal Metabolism 

Adults. The first e.\-ample of the use of fallacious standards concerned 
cardiac output and has already been given. That the per-weight or per-sur- 
face area standards for this variable are erroneous will not come as any par- 
ticular shock to the majority of readers, who will have had no direct experience 
of the use of cardiac output figures. But nearly all must have used the per- 
surface area standards for basal metabolism and the reader must have had in 
mind from the beginning a query as to the fallacy in this case. The per-surface 
area standard is widely used, and appears to be reasonable. It is true that 
the original standards proposed by Harris and Benedict (7) were regression 
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ones, for the authors of this classical monograph were very well aware (p. 151) 
of the fallacy considered here, but Berkson and Boothby (8) showed that the 
per-surface area standard predicted as well as, or at any rate, not demonstra- 
bly worse than, regression standards of the Harris-Benedict type, for their 
Mayo Clinic data. The reason for this is soon discovered: the oxygen con- 
sumption-surface area relationship just happens to come very near satisfying 
the conditions given above for the ratio and regression standards to coincide. 
We cannot illustrate this for the data Berkson and Boothby actually tested 
since they do not give the necessary statistics. . But Harris and Benedict give 
the following figures for 136 male subjects: coefficient of variation of surface 
area 8.89, of heat production 12.54; correlation coefficient between these two 



Fig. 5. Relation between the regression and ratio standards for basal metabolism. 


variables, .82. 


For these figures, referring to equation D, 


— = 0.71 and this 
Vu 


value is not very different from r. From equation H with variable i as y and 
2 as X, we find that this measure of the difference between the two standards 
gives us a correlation of Heat prod/S. area and S. area of only -f-.ig. This 
difference is too small in relation to the variability of the measurement itself 
to affect the predicted result. Figure 5 illustrates this. For a man 20- above 
the mean in surface area, this difference is only 2.3 per cent of the man’s 
measurement; and the standard deviation of a single individual from day to 
day about his mean is 3.5 per cent, and of a series of individuals of the same age, 
5.8 per cent (9). Galvao’s two series (10, ii) both separately and combined, 
have O2/S. area ratio lines even more closely approximating the regressions. 

In short, the oxygen consumption ratio standard is, very nearly, the 
special case where ratio and regression lines coincide. Even so, because the 
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lines do not exactly coincide, a large man has a ver}^ slightly greater chance of 
being called hyperthyroid than a small man, and this purely artefactually. 

Children. In children’s standards, however, the cfTect seems to be im- 
portant, presumabi)’’ because the variability of weight and surface area for 
some single-j-ear age groups considerably exceeds that of adults. In discussing 
4 different basal metabolism standards for children, Lewis, Duval and Iliff 
remark: “The closer any child comes to the mean values for height, weight and 
surface area of the group with which the standards were established, the less 
marked will be tire discrepancy by the different methods of reference” (12). 
To emphasize their point they present the dexnations of three S-year-oId boys 
from each of 4 standards. Three of the standards are essentially cur\dlinear 
regressions, of basal metabolism on surface area, weight and height, irrespective 
of age. The fourth is a per-surfacc area standard covering this single year of 
age. One bo}’’ is of average size and for him the standards agree well. One is 
small and the ratio standard places him about 14 per cent above the regression 
standards’ estimates; the other is large and tlie ratio standard places him 
considerably below the regression standards’ estimates. This is precisely the 
situation depicted in figure i of this paper, and the explanation is presumably 
similar. Probably this is also the explanation of the same authors’ finding 
(13) that over the whole 2- to 12-year age range, the results of other workers 
average some 7 per cent for boys and 4 per cent for girls above theirs when the 
per-surface area standards are used, but are practically identical by the regres- 
sion standards. These authors’ cliildren rv'ere somewhat larger than most of 
the others in the literature. They themselves remark in an earlier study that 
the per-surface area standard produces these positive deviations only in the 
case of children smaller than theirs (14): their claim that body build affects 
o.x}"gen consumption needs careful examination by other methods than this 
before it can be accepted. 

The same thing applies to many of the comparisons of basal metabolism 
between groups, racial and other, where mean differences of a few per centmay 
be reckoned significant; differences attributable to size must first be allowed 
for. 


Oxygen Consumption and Body Build 

The next example concerns this use of ratios in comparisons between 
groups. Seltzer has reported measurements of oxygen consumption at rest 
and during moderate and severe exercise for young men who were also measured 
anthropometrically (15). Oxygen consumption was reported as per-weight 
or per-surface area, and body measurements chiefly as indices. Considering 
the resting figures first, Seltzer divides his 34 subjects into two groups, one 
containing aU those below the mean for the measurement or anthropological 
index in question, the other all those above it. He then compares the 0:/wt. 
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consumed by each group and considers whether the two Os/wt. figures differ 
significantly. The first anthropological index taken is wt/stature, and it is 
shown that those subjects with a high wt/stature have significantly lower 
Oi/wt. consumptions than those witli a low wt/stature. What effect is to be 
expected, however, from the spurious correlation involved? 

We have seen above that a correlation between Oj/wt. and wt. will always 

exist {equations Ex and E2) unless the condition — • = is satisfied. If 

^Os 

^ t o 

~ > r, the correlation between ^ and wt. is negative, and if ~ < r, the 
correlation is positive. Taking an average value for for Seltzer’s data, we 
have a — • in this case of 1.8, far greater than r, which is 0.41. A large nega- 
tive correlation therefore exists between ~ and wt. Thus as the index — - - 

wt, stature 

• 

increases, — must be expected to decrease purely as a result of the method used 

for presenting the data. The same is true for aU anthropological indices which 
correlate positively with weight. Seltzer shows that this occurs for several 
indices, but his conclusion that more linear people have higher oxygen consump- 
tions than stocky people is not justified by this data. Similar calculations, 
with similar results, can be made for the oxygen consumptions during exercise. 

This is not to say, of course, that linear people do not in fact have higher 
oxygen consumptions. Such may well be the case, but other methods, of 
partial correlation or covariance analysis, are needed to demonstrate it. As a 
matter of a fact, there are two indices, span/stature and leg length/stature 
which remain significantly associated with oxygen consumption at rest when 
spurious relation is removed. It seems that men with short limbs and long 
trunks have higher oxygen consumptions relative to their surface area than do 
those with the opposite build. 


Plasma Volume 

The next example concerns the construction of standards and the choice 
between a per-weight and per-surface area standard for plasma volume. 
Gregerson has recommended that the per-weight standard be used for this 
measurement (26), Is this the best ratio standard available, and how great 
is the bias its use entails? These questions can be answered from the raw data 
on height, weight, surface area and plasma volume for 41 normal men given by 
Gibson and Evans (17). From this data the coefficients of variation of these 
variables can be calculated to be: height 4.9, weight 14.2, surface area 10.4 and 
plasma volume 15.8. The correlation coefficients are: plasma volume and 
height .72, weight .68, surface area .74. Does per-height, per-weight or per- 
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surface area standard most nearly coincide with its equivalent regression 
standard? 


The - for height is = .31 and for height is .72, a figure very 

, . , plasma volume 

considerably different. Equation H gives the correlation between 


and height to be as much as +.51. For weight, is .90, and r^, .68; there 

is still considerable discrepancy between these 2 figures, and the correlation of 

plasma \olume ^yeight is —.29. (This can be seen illustrated in Gibson 
weight ^ 


and Evans’ fig. sB). 
is much better, and the correlation of 


The agreement 
and surface area only 


For surface area — is .66 and Tzv .74. 

plasma volume 
Surface area 

+.12. Clearly the per-surface area is the best of these ratio standards, 
and the bias its use entails is of the same order of magnitude as that present 
in the basal metabolism standards. The plasma volume data of Mather, 
Bowler, Crooke and ^lorris, on 53 normal men (18) gave rise to almost identical 
figures, and thus to the same conclusion. 

There are really two criteria by which to judge the efiiciency of ratio 


standards. One is the closeness with which ^ approaches r, and the second is 

Vy 

the amount of variance of the dependent variable that is accounted for by the 
independent variable. This is given by the square of the coefficient of correla- 
tion between the variables. In our plasma volume example, surface area 
accounts for .73- = 55 per cent of the variance of plasma volume, and weight 
accounts for .72= = 52 per cent. Again the advantage lies with surface area, 
but very slightly, and if this was the only consideration, the claims of the per- 
weight standard, as Gregerson says, would be strong. 


Glomerular Filtration Rate and Renal Plasma Flow 

A last example may be taken from Houcks’ recent study of renal plasma 
flow and filtration rates in dogs (19). Both these renal functions were calcu- 
lated per-weight and per-surface area; surface area being calculated either from 
weight alone or from weight and length combined. No choice is made between 
the two, yet a very strong reason indeed exists for perferring the per-weight 
figures. The coefficient of variation of filtration rate was 33.7, of effective 
renal plasma flow 36.2, of weight 28.2 and of surface area 19.6 (for 75 resting 

female dogs). ^ for filtration rate and surface area is .58 and their r is .75, 
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, filtration rate 

giving a correlation of and surface area of +.28. The per- 

weight ratio does much better: - = .84, r = .80, correlation — — and 
. weight 

weight - .06. For effective renal plasma flow it is the same, with surface area 

— .54 and r = .71 with a correlation of ^ and surface area = 

surface area 

+.24J for weight, “ = .78, r = .80, correlation ^ — 3-iid weight —.03. 

‘’v weight ^ 

By the second criterion weight is the better too: it accounts for more of the 
variance of each renal function than does surface area, as can be seen from the 
correlation coefl 5 cients. 

This last example serves finally to recall our attention to the spurious 

correlation between indices. The author gives the correlation coefficients of 

filtration rate ^ plasma flow filtration rate 

TT- and rTT — as .73; and between and 

weight weight surface area 

plasma flow 

— as .79. He remarks these figures are relatively high, whichever 

Stirid.C6 3I'C8> 

one is taken, and there is a straight-forward physiological implication of such a 
fact. But part of this correlation is spurious, and to the detriment of his implied 
thesis, for the actual straightforward correlation between filtration rate and 
plasma flow for the data is . 90. The agreement has been unnecessarily lowered 
by the use of the indices. 


DISCUSSION 

There remain two points to be discussed. In considering desirable stand- 
ards or ways of reporting data it is often implied or explicitly stated that the 
best ratio standard is that which produces the smallest coefficient of variation 
of the data, the ratio which gives the least spread. The idea is a widespread 
one, and I have failed to trace its origin since recent authors take its correctness 
for granted, without need of a supporting reference. It rests to some extent 
on the belief that “the fact that the coefficient of variation of the data so calcu- 
lated (renal functions as per-surface area) has the small magnitude of 13. i 
per cent indicates a high degree of correlation (between the renal functions and 
surface area)” (20). 

This statement is not strictly justified. The coefficient of variation of an 
index, variables H, is 

\ 

100 vi- — zraViVi -j- 
I — rn vtV2 


(J) 
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Thus while it is true that the larger r is the lower is the coefficient of variation 
of the index, and Vi play a larger part than does r. Even when Vi = Vi, 


t'lndcx — 


loovi •s/afi — r) 
I + rr(i — r) 


(K) 


and thus depends largely on the value of Vi. 

There is only one circumstance in which this minimizing of the coefficient 
of variation of the ratio could actually produce the best standards. That would 
be if it made them coincide with the regression standard, in other words if 

. . 

minimizing the e.xpression J reduced to the condition — = ns. This it does not 

in fact do; the minimal J is actually secured by the rather more complicated 
condition 



Lastly, the relation between linear regression standards and standards of 
the form per-weight“ should be mentioned. The power standards, recently 
reviewed in the case of oxygen consumption by Kleiber (21), are more similar 
to the regression standards than to the ordinary ratio ones, despite first ap- 
pearances. The reason for this is that the value of a is obtained by fitting a 
regression line to the logs of the variables. Thus the investigator relating 
oxygen consumption and body weight plots the log. of oxygen against the log. 
of weight and fits a regression line to the resulting scatter diagram. The 
equation of this regression line is 


log. Oj = a log. wt. + p (L) 

and this is equivalent to 

O2 = /S' wt.“. (M) 

Is then the power standard as valid statisticallv as the regression standard and 
can the two be used replaceably? 

The answer to the second of these questions is unequivocally no : and to the 
first, it depends on a particular circumstance, the nature of which does not seem 
to be widely realised amongst biologists. It has recently been discussed with 
masterly clarity by Sholl (22). The point is a simple one. When we fit a 
regression line to 2 sets of variables, we choose the line about which the sums of 
squares of deviations are a minimum. We do this because it follows from the 
method of maximum likelihood, a method for finding so-called efficient sta- 
tistics which have great advantages over inefficient statistics (of which the 
ratio standard is an example). But the method of maximum likelihood only 
leads to this least-squares solution if for a given value of x, the independent 
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variable, the values of y, the dependent variable, are normally distributed. 
This is the thing that, as Sholl points out, is often overlooked. Now if we plot 
tlie logs, of K and y and fit by least squares a line to this graph, we are tacitly 
assuming that the logs, of y are normally distributed, not the raw values of y. 
It is not the case that if y is normally distributed log. y is also normally dis- 
tributed; on the contrary. But in the usual method of constructing a power 
standard, a is obtained by equation L, which produces the best value for a if, 
and only if log. y is normally distributed and y itself is skewed. Where this 
is indeed the case, the power standard is the appropriate standard, and more 
valid than the linear regression standard. But where it is not the case, the 
power standard obtained this way is erroneous. Sholl has shown that a valid 
figure for a in equation M caii be obtained in cases where y is normally dis- 
tributed, but that it differs (often very considerably) from that produced by 
the method we have discussed involving equation L. 

The upshot of this is that the power standard as usually calculated is only 
valid when there are sound statistical reasons for saying that the logarithms of 
the dependent variable, such as cardiac output, are normally distributed 
whereas the raw values of the dependent variable are significantly skewed. 
Wlien this is not so, the regression standard is the standard which should be 
used. If, on biological grounds, it is felt that a standard of the form O2 « k wt.® 
is desirable, with a expressing active mass, then, if the variable 0 ? is not 
significantly skewed, a must be found by Shell’s methods. 

SUMMARY 

The present standards which express physiological functions such as 
oxygen consumption and cardiac output as per-weight or per-surface area are 
shown to be theoretically fallacious and in practice (except in a special case) 
misleading. The fallacy involved in their application may be considered a 
special example of the spurious correlation between indices. Examples are 
cited of the undesirable practical effects of using such standards; the examples 
involve cardiac output, oxygen consumption and plasma volume in man, and 
glomerular filtration rate and renal plasma flow in the dog. The assumption 
that the best ratio standard is the one which minimizes the spread of the data 
concerned is criticized. The conditions are examined under which the power 
standard (e.g. O2 « wt.“), as usually obtained, is valid; and the more common 
conditions where it is invalid unless a is obtained, by Shell’s method. 
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Action of Caffeine and AtninophylUne as 
Respiratory Stimulants in Man 

GLENN H. RICHMOND. From the Department of Pharmacology, 

University of Virginia School of Medicine, Charlottesville, Virginia 

A 

^though the two xanthine derivatives, caffeine and aminophylline, 
have been used for many years as respiratory stimulants the mechanism of 
their action has never been clearly shown. The mechanism of action has been 
assumed to be that of increasing the sensitivity of the respiratory center to 
carbon dioxide. LeMessurier (i) studied the effect of caffeine on the respira- 
tion of dogs before and after extirpating the carotid sinuses and sectioning the 
vagi. His experiments were quite definite in demonstrating that the respira- 
tory action of caffeine is mainly, if not entirely, a central action. As this direct 
approach is not possible in studying the respiratory action of these drugs in 
the human, indirect approaches to the problem must be considered. The use 
of the respirator}^ stimulating effect of carbon dioxide as a functional test would 
seem to be a logical approach to this problem. This approach is not an original 
one. Cushney (2) showed in 1913 that the increase in respiratory rate to car- 
bon dioxide was greater after caffeine than before. Grabfield and Means (3) 
employed the reaction of respiration to increasing amounts of carbon dioxide 
in the inspired air as a criterion for judging the sensitivity of the respiratory 
center. Grabfield and Means concluded that as a result of taking various 
doses of caffeine by mouth there is no observable effect on the mechanism 
whereby increasing amounts of carbon dioxide increase ventilation. The 
validity of their conclusions, as well as those of many other early workers in 
this field, would seem open to question since they used the so called 'closed 
circuit' method of studying the effect of caffeine on the response of respiration 
to increasing amounts of carbon dioxide. In this method the subject re- 
breathes his own expired air and thus produces the carbon dioxide which serves 
as a stimulus to respiration. By this method the carbon dioxide content of 
the inspired air is constantly changing. Padget (4) showed that the maxomum 
increase in respiration, when air containing an increased concentration of car- 
bon dioxide is breathed, occurs only after the experiment has continued for 
some time. Thus a subject breathing a gas mixture containing 5 per cent 
carbon dioxide does not reach his maximum ventilation minute volume until 
after six or seven minutes. The subjects of Grabfield and Means were not 
exposed to any one concentration of carbon dioxide long enough to obtain a 
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maximum response in ventilation volume to that concentration of carbon 
dioxide. In order to avoid tliis discrepanc3’^, gases containing fixed and known 
concentrations of carbon dio.xide were used in the present study. 

If we could assume that carbon dioxide acts directl)’’ and solely on the 
respirator}' center, tlien we could assume that any effect on the response of 
respiration to carbon dioxide by a drug must be due to its action on the center 
as a result of increasing or decreasing the sensiti\dty to carbon dio.xide. This 
line of reasoning would have been acceptable before the work of Cordier and 
He}'mens (5). As a result of their work the part played by the aortic and 
carotid cheraoreceptors in response of respiration to carbon dioxide was first 
shown. However, Gemmill and Reeves (6) and Schmidt (7) have shorvn that 
with tlie concentrations of carbon dioxide used in tliis study, the chemorecep- 
tors play no part in the response of respiration. Consequently the use of 
carbon dioxide as a functional test of respirator}' center activity remains a 
sound approach to the problem. 

The present study was undertaken to determine whether or not the action 
of caffeine and aminophylline on respiration is that of altering the sensitivity 
of the respirator}' center to carbon dioxide. 

METHODS 

The apparatus consisted of a 500-liter chain compensated spirometer and a 
similar loo-liter spirometer. Flutter valves were arranged in the system con- 
necting the trvo spirometers so that the subject inspired a known gas mixture 
from the large spirometer and expired into the small spirometer. The valves 
of the spirometers were so arranged that the patient could be switched from 
atmospheric air to the gas mixture without disturbing the patient, and similarly 
the e.xpired air could be smtehed from the spirometer out into the room. The 
latter made possible the emptying of the small spirometer when this became 
necessary. This procedure required less than one minute, and tlie next volume 
measurement was begun at the beginning of the next minute. In graphing the 
resulting data this was taken into consideration. The usual rubber mouth 
piece and nose clip were used. The gases used were 3 and 5 per cent carbon 
dioxide in oxygen. Cylinders of the prepared compressed gas mixtures were 
used. The concentration of carbon dioxide was checked in the Haldane and 
Henderson-Haldane gas analysers. In each experiment the gas mixture was 
allowed to stand in the large spirometer for at least 30 minutes. Although ob- 
serving the change in respiratory minute volume was the main interest of the 
work, electrocardiographic and pneumographic recordings were made in each 
phase of the e,xperiment. 

The subjects for the experiments with caffeine were 6 normal white males 
varying in age from 20 to 32 years. All of the subjects except no. i were coffee 
drinkers. 
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The experiments were conducted in the early afternoon. No attemptwas 
made to have the subject in the basal condition. The subject came to the 
laboratory without any previous preparation other than abstaining from caf- 
feine-containing beverages at the noon meal on the day of the experiment. 
The subject usually arrived at the laboratory about 2 p. m. and rested on the 
metabolism cot for 15 to 30 minutes. Following this the mouth piece was in- 
serted and the nose clip was adjusted. The subject was then allowed to 
breathe atmospheric air until the volume remained uniform for at least 4 
minutes. With the aid of a stop watch minute readings were recorded from 
a meter stick attached to the small spiwjueter. Electrocardiographic and 
pneumographic tracings were made while the patient was breathing atmos- 
pheric air as well as in the other phases of the experiment after the minute 
readings became uniform. As soon as 4 uniform readings were obtained on 
atmospheric air, the valve was switched so that the subject breathed 3 
per cent carbon dioxide in oxygen from the large spirometer. Minute readings 
were taken as before until these became uniform. In general the lag period 
corresponded with that reported by Padget (4). The mouth piece and nose 
clip were then removed and 0.25 grams of caffeine and sodium benzoate were 
given subcutaneously. The subject then rested on the cot for 30 minutes. 
At the end of this time the same procedure was repeated. In this way data 
was obtained under 4 different conditions, namely, breathing atmospheric air, 
breathing 3 per cent carbon dioxide in oxygen, breathing atmospheric air after 
caffeine, and breathing 3 per cent carbon dioxide after caffeine. On the fol- 
lowing day the same procedure was repeated using 5 per cent carbon dioxide in 
oxygen. In computing results the differences between successive readings 
of the meter stick were reduced to minute volumes by using a known factor. 
Respiratory and cardiac rates were obtained from the electrocardiographic and 
pneumographic records. 

In studying the effect of aminophylline four white males and one white 
female were used as subjects. The same procedure and conditions were used 
as in the previous series; 0.25 gm. of aminophylline was given subcutaneously. 

RESULTS 

The results of the experiments are shown by table and diagram. The 
ventilation minute volumes appearing in tables i and 2 were obtained by 
averaging figures obtained after the volumes had become uniform. The per 
centages of increase in ventilation minute volumes are based on volumes while 
the subject was breathing atmospheric air. The average per cent increase is 
based on the average of all the minute volumes on atmospheric air in each 

series. . 

Data in table i show clearly that in every case the ventilaUon minute 

volume was greater when the subject was breathing carbon dioxide after ca - 
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feine than before the administration of caffeine. The effect of caffeine on the 
ventilation minute volume when atmospheric air was being breathed was 
variable. In one experiment there was an increase of 20.7 per cent while in 
another there was a decrease of 18. i per cent. It is of interest that on the 


TaBIX I. EiTECT or CAITEnrE on ^’ENmATION MnnTIE VOLTOES, CARDUC AND 
XESPIRATORy RATES TVnEN BREATITINO ATMOSPHERIC AIR, 3% COj AND $% COj 



EUBJECT 

% 

INCREASE 

X 

’ i 

3 1 

! ^ 

s 

6 


1 

Ventilation minute volumes, cc. 



Air 

i 6159 

7 S 99 

i io, 6 iS 1 

7766 

64 S 4 

8277 


3% CO: 

pS6S 

14.193 

1 21,692 

13.37s 

11.738 i 

16,770 

90.3 

Air + caffeine 

6361 

8392 

12,640 

6360 

6722 

8469 

6.2 

3% COi + caffeine 

1I1448 

16,242 

24,490 

13.990 

i 2 ,S 37 

19.790 

II3 

Air 

6518 

7 S 93 

9574 

7264 

^ 1 
6344 

8302 


s% CO. 

20,91s 

24,079 

30,824 

19.305 

19,130 

36,042 


Air + caffeine 

5910 

7900 

8891 j 

7431 

6398 

9412 


5% CO; -i- caffeine 

28,253 

1 27,128 

36 ,Soo 1 

21,004 

21,300 

39,936 1 





Cardiac ratelmin. 


1 


Air 

66 1 

84 

72 i 

96 

66 j 

1 

1 


3% CO. 

60 

84 

78 ! 

90 

66 

1 

-1.4 

Air + caffeine 

S 4 

72 

66 



1 

- 13 -S 

3% COj + caffeine j 

60 1 

78 

66 

84 

66 


-7.4 

Air 

■9 

78 I 

73 

90 

78 



S% CO: 


78 ! 

78 

84 1 

78 1 


2-5 

Air + caffeine 


66 ' 

63 

78 * 

72 


— 12,2 

5% CO. 4- caffeine 

60 

78 

78 

72 

84 


1.4 



Respiratory ratefmin. 



Air 

14 

IS 

12 ! 

22 


9 


3% CO2 

IS 

19 

IS j 

z6 


II 

22.8 

Air + caffeine 

17 

17 1 

14 

II 


9 

8.6 

3% CO; 4- caffeine 

18 

19 

16 

13 


II 

23-8 

Air 

IS 

15 

14 

9 

9 

1 12 


S% CO. 

20 

19 

20 

II 

14 

14 

32-8 

Air 4 - caffeine 

14 

19 

IS 

ZI 

It 

1 12 

II . 9 

S% CO; 4 - caffeine 

23 

21 

1 

23 

12 

14 

17 

48.0 


following day opposite results were obtained in each of these cases. The 
average percentage increases of the 6 subjects are also shown in table r. These 
reveal that when the subjects were breathing atmospheric air there was an 
increase in ventilation volume of 6.2 per cent after caffeine in the first 6 ex- 
periments, whereas there was a decrease of 0.6 per cent in the last 6 experi- 
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ments. ^ The overall average of the 12 experiments is an increase of 2,8 per 
cent which does not appear to be significant. 

Contrary to the results of Grabfield and Means (3) the increase in ventila- 
tion minute volume when breathing carbon dioxide after the administration 
of caffeine was striking in every instance. The average increase when breath- 
3 cent carbon dioxide after caffeine was 23.0 per cent greater than that 
without caffeine. With 5 per cent carbon dioxide the increase was 51,7 per 
cent greater with caffeine than without caffeine. These relationships are 
shown clearly in figure 1, 




JATWOSPHERIC AIR 
^^^WRAND CAFFEINE 



AVERAGE VENTILATION RATE 
LITERS PER MINUTE 


Fig. I. Average eeeecx or cafreine on venti- 
latioa miaute volumes of 6 subjects when breathing 
atmospheric air, 3% COj and s% CO2. 


Figure 2 shows a t3^ical response to 3 and 5 per cent carbon dioxide in 
oxygen before and after caffeine. It illustrates the importance of the time 
element in reaching a maximum response in respiration when breathing air 
containing an increased percentage of carbon dioxide. 



Cardiac and respiratory rates obtained from the caffeine series are recorded 
in table i. These represent rates after a uniform volume of respiration had 
been reached. Carbon dioxide showed no consistent effect on cardiac rate. 
Caffeine caused a decrease in cardiac rate in each case in which cardiac rate 
was recorded while the patient was breathing atmospheric air. The latter 
is in agreement with the observations of Starr e( al. (8). No significant elec 

trocardiographic changes were observed. 

In general, caffeine caused an increase in respiratory rate when the subject 
was breathing atmospheric air as weff as when breathing carbon dioxide. 
However this did not occur in every case. 
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The reliability of the technic used in this study was tested on one of the 
subjects. Without the knowledge of the subject, normal saline was adminis- 
tered in place of the usual caffeine. The respiratory minute volumes of the 
control were even less after the injection than before with both atmospheric 
air and carbon dioxide. 


Table 2. Eftect of AwiNOpnYLLiNE on ventil,\tion minute volumes, cardiac 

AND RESPIRATORY RATES BTIEN DREATniNC ATMOSPHERIC AIR, 3% COj AND S% COj 



STJDJECT 

% IKCSEASE 



a 

3 

4 

s 



Venlilalton minute volume, cc. 



Air 

962s 

8503 

6936 

7 S 99 

745 ° 


3 % CO. 

IS . 399 

18,434 

I 2 ,SS 3 

12,921 

17,920 

89.2 

Air aminophylline 

8493 

9239 

7154 

7610 

8440 

0.3 

3% CO; -h aminoph3’lline 

16,670 

18,344 

12,370 

14,01s 

19,810 

99.0 

Air 

919s 

8700 

727s 



■i 

5% CO; 

23.366 

31.490 

18,860 




Air + aminophylline 

8 s 99 

10,190 

6990 



Hi 

5% CO; -t- aminophylline 

24,102 

29.710 

18,384 






Cardiae ratelmin. 



Air 

96 

64 

84 

78 

76 


3% COj 

102 

68 

80 

72 

76 

0.0 

Air 4 - aminophylline 

90 

60 

84 

72 

72 

-s.i 

3% CO; 4 - aminophylline 

84 

64 

76 

72 

77 

-S -7 

Air 

90 

72 

76 




5% CO: 

96 

68 

84 



3-9 

Air 4- aminophylline 

84 

60 

76 



-7.7 

S% CO; + aminophyllme 

78 

65 

76 



-7.7 



Respiratory rate/min. 



Air 

21 

10 

II 

II 

9 


3 % CO; 

23 

9 

12 

II 

IS 

iS-o 

Air 4- aminophylline 

19 

10 

9 

14 

19 

22.1 

3% CO; 4 - aminophylline 

18 

10 

II 

13 

18 

20.8 

Air 

17 

12 

II 




S% CO; 

20 

20 

12 



31. 1 

Air 4- aminophylline 

19 

12 

II 



3-9 

5% CO; 4 - aminophylline 

20 

II 

II 



3-1 


Following the subcutaneous injection of 0.25 gm. of aminophylline there 
was no significant increase in the average ventilation minute volumes either 
when the subject was breathing atmospheric air, 3 per cent or 5 per cent carbon 
dioxide as shown in table 2. The individual results were not consistent, some 
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showing an increase while others showed a decrease in ventilation minute vol- 
umes. This was in marked contrast to the consistent results obtained with 
caffeine. 

Cardiac and respiratory rates obtained from the aminophylline series are 
recorded in table 2. Aminophylline caused a slight decrease in cardiac rate 
when the subjects were breathing atmospheric air as well as when they were 
breathing carbon dioxide. As in the caffeine series carbon dioxide showed no 
consistent effect on cardiac rate. 

The results recorded in the last section of table 2 are inconsistent. How- 
ever, the average shows an increase in respiratoiy rate following the adminis- 
tration of aminophylline when the subject was breathing atmospheric air. 
An increase in respiratory rate was observed after aminophylline when the 
subjects were breathing 3 per cent carbon dioxide and a decrease when breath- 
ing 5 per cent carbon dioxide. This latter inconsistency appears to be due to 
the hyperactive response of subject no. 5, who was the only female subject used 
in the series. 


DISCUSSION 

That the use of the respiratory stimulating effect of carbon dioxide as a 
functional test is a sound approach to this problem has already been discussed. 
If caffeine acts directly on the respiratory center as a specific stimulus, one 
would expect the effect to remain constant regardless of whether the patient is 
breathing atmospheric air, 3 per cent carbon dioxide, or 5 per cent carbon 
dioxide. This is certainly not the case in the present study. Whereas caffeine 
increased the ventilation volume only an insignificant 2.8 per cent with atmos- 
pheric air, the increase was 23.0 per cent with 3 per cent carbon dioxide and 
51.7 per cent with 5 per cent carbon dioxide. Since carbon dioxide acts di- 
rectly on the respiratory center, and since caffeine increases this action by 23.0 
per cent in the case of 3 per cent carbon dioxide and $%.'} per cent in the case 
of 5 per cent carbon dioxide, then the action of caffeine must be that of render- 
ing the respiratory center more sensitive to carbon dioxide. 

It is most interesting that, although the two drugs used in the present 
study are closely related in chemical structure and both are effective in the 
treatment of Cheyne-Stokes respiration, the mechanism of their actions does 
not appear to be the same. From the present study it would seem that the 
effectiveness of caffeine in Cheyne-Stokes respiration is its ability to render 
the respiratory center more sensitive to carbon dioxide. Just how amino- 
phylline renders its effects in the treatment of the condition must await further 
investigation. Apparently it is a mechanism different from that of caffeine. 

The fact that the ventilation minute volume is much greater with both 
caffeine and carbon dioxide in oxygen than with carbon dioxide in oxygen alone 
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should be of practical importance in decreasing the recovery period of patients 
with carbon monoxide poisoning and in stimulating respiration in severe 
respirator)’ depression. 


SUMMARY 

The effect on ventilation minute volumes, cardiac and respiratory rates 
of 0.25 gm. of caffeine and sodium benzoate administered subcutaneously was 
obser\Td in 6 subjects while breathing atmospheric air, 3 and 5 per cent car- 
bon dioxide in o.xygen. This same effect w’as observed in 5 subjects following 
the subcutaneous administration of 0.25 grams of aminophylline. Caffeine 
and aminophylline showed a variable effect on ventilation minute volume with 
a slight average increase when the subject was breathing atmospheric air. 
The ventilation minute volume was strikingly increased in every case after 
caffeine when the subject was breathing either 3 or 5 per cent carbon diox-ide 
in o.xygen. After aminophylline the effect was ver)' inconsistent and the 
average effect was not significant. Cardiac rate showed no consistent response 
to carbon dio.xide. Both caffeine and aminophylline caused slowing of the 
cardiac rate. Neither carbon dio.xide, caffeine, nor the combination caused 
any significant change in the electrocardiogram. No significant change in 
electrocardiogram was observed following the administration of amino- 
phylline. In general caffeine and aminophylline caused an increase in re- 
spiratory rate. Some practical applications of the observations of this study 
are mentioned. 

It is concluded from this study that caffeine acts on the respiratory center 
by increasing its sensitivity to carbon dioxide. The mechanism of the action 
of aminophylline in the dose used in this study does not appear to be similar 
to that of caffeine. 

The author wishes to express his appreciation to Dr, C. L. Gemmiil, for suggesting this 
problem and for his advice and criticism throughout the investigation. The author also 
wishes to thank the Division of Research Grants and Fellowships of the National Institute 
of Health, U. S. Public Health Service, for financial support in part for this work. 
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Pulmonary ^Capillary’ Pressure in Man' 

H. K. HELLEMS/ F, W, HAYNES and L. DEXTER, from ike 
Medical Clinic, Peter Bent Brigtmm Hospital, and the Deparimeni of 
Medicine^ Harvard Medical School^ Boston^ Ma^sachiseits 

u 

NTIL THE DEVELOPMENT of the technique of venous catheterization by 
Cournand and Ranges (i), no method was readily available for studying pul- 
monary circulatory dynamics in man. The introduction of this technique has 
permitted the elucidation of many problems of the lesser circulation in health 
and disease, until at present the pressures in the right side of the heart and 
pulmonary arteiy are common knowledge. Using this technique, a method 
has been developed by which the capillary pressure of the human lung may be 
estimated. 

In a previous communication (2), the technique of estimating pulmonary 
'capillary’ pressure in the lungs of animals was reported. In this paper the 
method as apphed to the human lung is described. In subsequent com- 
munications the results obtained in patients with heart and pulmonary disease 
under conditions of rest and exercise will be reported. 

METHODS 

Thirteen patients were selected for study who had normal cardiovascular systems as far 
as could be Judged from history, physical examination, X-ray, and electrocardiogram. 
The majority had primary syphilis and were studied at least 48 hours after the institution 
of penicillin therapy. Ten were males, three were females, and their ages varied from iS to 
40 years. The subjects were studied in a resting state under fasting conditions. Venous 
catheterization was carried out under fluoroscopic guidance, the catheter being introduced 
into a distal branch of the pulmonary artery so as to occlude it. The size of the vessel oc- 
cluded varied between about 2 and 3 mm. depending on the catheter size. Measurements 
of the pressure existing distal to the occluding catheter were recorded through the hole in the 
tip of the catheter with a column of saline and with a Hamilton manometer (3). The pres- 
sure recorded in this fashion in this occluded vessel will be referred to as the pulmonary 
'capillary’ pressure for reasons that will be discussed later. The catheter was then with- 
drawn so as to lie free in the pulmonary artery and pressures were again recorded. 

In 7 individuals with arterial oxygen unsaturation due to a right-to-left shimt within the 
heart or to pulmonary or hepatic disease (see table 2), blood samples were withdrawn under 
oil from a systemic artery and through a catheter occluding the lumen of a branch of the 
pulmonary artery. These bloods were analyzed by the method of Van Slyke and Neill (4) 
for oxygen content, capacity, and saturation. 

Received for publication April I, 1949- it, t. 
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In 2 patients witli atrial septal defect, venous catheterization was carried out as describ- 
ed elsewhere (s, 6). In each case tlie catheter was introduced through the defect into the left 
auricle and out into a pulmonarj- vein so as to occlude it. After recording the pressure, the 
catheter was witlidrawn to the right auricle and introduced into the right ventricle and 
pulmonarj’ arterj- where it was wedged into a distal branch where pressures were again 
recorded. 

The zero point for all pressures was taken lo cm. anterior to the spine witli the subject in 
the supine position. The antcro-postcrior diameter of the chest was recorded for the con- 
venience of those using other zero points of reference. Mean pressures were obtained with 
the saline manometer and by planiraetric integration of the Hamilton pressure tracings. 


PC 


20-a 


01 




Fig. I. Pressure traon'GS erou tue 
PULUONARV ‘CAPILIARIES’ (PC) and pul- 
monary artery (PA) in a normal individual. 
Note the respiratory variation of pressure 
and the lack of definite pulsations in the 
‘capillarj’’ curve. The lower tracing shows 
the typical pulsatile contour of the pressure 
in the pulmonarj’ artery. In each tracing, 
there are numerous art^acts due to motion 
of the catheter within the heart. 


PA 


20-uj^ ,y X., 


'I 

'Ui. IV-u_ IVI ‘V ,’V(. 

v>’ 'i^ ■ 


RESULTS 

In 13 normal individuals, the contour of the pressure curves obtained 
through the catheter occluding the pulmonary artery was distinctly different 
from that obtained when it lay free in the pulmonary artery. As can be seen 
from figure i, no definite pulse wave was visible but there was frequently a con- 
siderable respiratory variation in the pressure, the pressure being lower on 
inspiration than in expiration by an average of 8 mm. Hg (table i). In these 
13 patients, the mean pressures at rest averaged 10 mm. Hg with a variation 
from 7 to 15 (table i). The pulmonary artery pressures varied between 19 and 
30 mm. Hg systolic and 6 and 12 diastolic with an average pressure of 24/10. 



Table 2 . Oxygen saturation of pulmonary ‘capillary' blood in patients with systemic 

ARTERIAL OXYGEN UNSATURATION 




mAGNOSZS 

SYSTEMIC ASTERY 

PULMONARY END ARTERY 

CASE NO, 

PATIENT 

Ot 

0! 

Oj satu- 

02 

02 

Oj satu- 





content 

capacity 

ration 

content 

capacity 

ration 


Arterial oxygen unsaturation resulting from a right-to-left cardiac shunt 


1 

2 

3 

A.D. 

V.R. 

J.C. 

Tetralogy of Fallot 
Tetralogy of Fallot 
Tetralogy of Fallot 

ccfl. 

171 

233 

iSi 

cc/l. 

257 

285 

163 

per cent 

66 

82 

93 

cc/l. 

234 

276 

165 

cc/l. 

238 

28s 

166 

per cent 

98 

97 

99 



Arterial oxygen unsaturation of ■pulmom 

• 1 

iry or othe, 

r origin 



4 

M.G. 

Mitral stenosis 









Pulmonary conges- 

169 

188 

90 

177 

180 

98 



tion 







S 

M. D. 

Aortic stenosis, ane- 









mia 









Pulmonary conges- 

lOI 

113 

89 

no 

II3 

97 



tion 







6 

S.A. 

Hepatic failure 

203 

224 

91 

202 

204 

99 

7 

W. M. 

Emphysema 

167 

207 

81 

19s 

200 

98 
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The mean pulmonarj’- arter}' pressure as determined by planimetric integration 
of the pressure curves was 16 mm. Hg at rest with variations between ii and 
21; The gradient of pressure between the pulmonary artery and the pul- 
monar}' ‘capillaries’ varied between 3 and 9 mm. Hg with an average of 6. 

Blood samples witlidrawn through a venous catheter occluding a branch 
of the pulmonar}’- arterj'’ in patients with arterial o.xj^gen unsaturation from 
various causes were found to be fully saturated with oxygen (table 2). 

In 2 patients with atrial septal defect in whom pressures were recorded 
through the catheter first w’edged into the pulmonary vein and then into the 
pulmonary arterj’-, the pressures recorded on the two sides of the pulmonary 
capillary bed are showm in table 3, and it will be seen that the values were 
identical. 


Table 3. Presscres is pctliiokary artery, in occluded pulmonary artery, and in 
OCCLUDED pulmonary \tis OF PATIENTS wnn atrial septal defect 




1 rUUIOKASY ASrtSY PSESSDIE, I 

1 

PtJtVONARY END AttTEBY | 

rUElIO.VARy END ^TIN 




uu. cc 


ilEAN PJtESSUKE, MOI. HG , 

UEAN PSESStlKE, lOf. HC 

CASE NO. 

PATIENT 









Systolic 

Diastolic 

Mean 

Hamilton 

Manometer 

Saline 

Manometer 

Hamilton 

Manometer 

Saline 

Manometer 

I 

5 . 

41 

31 

30 

10 

21 

II 

zz 

2 1 

r.£. 

39 

9 

20 

11 

7 

II 

7 


DISCUSSION 

In a previous communication (2) evidence was presented that in dogs the 
pressure beyond the point of occlusion of a small branch of the pulmonary 
artery was about 2 mm. Hg less, and that the pressure measured on the capil- 
lary side of a small occluded pulmonarj’- vein was about 2 mm. Hg more than 
the true pulmonary capillary pressure. This relationship held over a -wide 
range of capillary pressure. The validity of this method of determining the 
pressure in the pulmonary capillaries is based on the following e-vddence (fig. 2). 

1) The pulmonary arteries ramify and finally end in the capillaries, there 
being no pre-capillary anastomoses -with adjacent pulmonary arteries (7, 8). 
This is supported by the physiological observation that in normal individuals 
blood -svithdrawn through a catheter occluding the lumen of a branch of the 
pulmonary artery is fully saturated with oxygen (9). 

2) There is normally an anastomosis between the bronchial arterial and 
pulmonary arterial circulations in the capillary bed of the lung (7, 8). No 
e-vidence for the existence of any significant pre-capiUary anastomoses has been 
found because, as shown in table 2, in individuals -with oxygen unsaturation of 
the systemic (and therefore bronchial) arterial blood, whether of shunt origin 
in heart or lung, fuU arterial oxygen saturation has been found in the blood 
samples withdra-wn through a catheter occluding a branch of the pulmonary 
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artery. If there were any significant pre-capillary anastomoses of the bron- 
chial arteries with the pulmonary arteries, the samples withdrawn through the 
catheter would have had some degree of oxygen unsaturation. 

3 ) There are no valves in the pulmonary artery, vein, or capillaries ana- 
tomically (7, 10) or physiologically (2), so that there is free retrograde flow, 
cross-flow, and transmission of pressure from the pulmonary capillaries to the 
catheter wedged into the pulmonary arteiy. 

4 ) The capillary bed of the lung contains such a rich network of vessels 
that blood may actually be aspirated back from the capfllaries through the 
catheter occluding the pulmonary artery (9). 

In two patients with atrial septal defect, the identity of pressures recorded 
on the capillary side of an occluded pulmonary artery and vein further support 
the interpretation that these pressures are close approximations of the true 



' Fig. 2. Diagram of the pulmonary capxllary circulation as applied to this study showing 
catheters wedged into the pulmonary artery and pulmonary vein. For a more detailed description 
and diagram of the pulmonary circulation, see Bruner and Schmidt (S). 

pulmonary capillary pressure (see table 3). Any error on the arterial side will 
be in the direction of a lower reading than the true capillary pressure (2). In 
dogs, this amounts to only a few millimeters of mercury (2). For this reason, 
the term ‘capillary’ pressure is enclosed in quotation marks. 

The average pulmonary ‘capfllary’ pressure obtained in the manner de- 
scribed was 9 mm. Hg in 13 normal patients. The gradient of pressure be- 
tween pulmonary artery and ‘capillaries’ averaged only 6 mm. Hg at rest. 

SUMMARY 

A venous catheter has been introduced into the pulmonary artery of man 
and wedged into a distal ramification so as to obstruct its lumen. Blood sam- 
ples withdrawn through this catheter in individuals with systemic arterial 
oxygen unsaturation were fully saturated with oxygen,, indicating the lack of 
any significant pre-capillary admixture of bronchial with pulmonary arten 
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blood. Pressures recorded through the catheter in the position described 
have been found to be identical with those recorded through a catheter wedged 
into a pulmonarj’’ vein in two patients witli atrial septal defects. It is there- 
fore believed that both pressures are close approximations of the true pulmo- 
nary’- capillary pressure. 

The pulmonary ‘capillary’ pressure was found to average 10 mm. Hg with 
a variation between 7 and 15 in 13 normal patients. The mean pulmonary 
artery pressure in these indi-vdduals averaged 16 mm. Hg with variations 
between ii and 21. The gradient of pressure between pulmonary artery and 
pulmonary ‘capillaries’ varied between 3 and 9 mm. Hg with an average of 6. 

The authors arc indebted to the Godfrey M. Hyams Trust, through whose generous 
contribution the equipment necessary for the fulfillment of this study was purchased. 

We -wish to express our appreciation to Miss Barbara Jacobs and Mrs. Harriet Kriete 
for their technical assistance. 
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Ekctrokymographic Studies of Lung Field Pulsations with 
Exhalation against Pressure^ 


FREDERICK G. GILLICK*, and JURG SCHNEIDER’. From 
the Cooperative Heart Demonstration Unit and the Medical School, 
University of California, San Francisco, California 

L 

J— iuNG FIELD PULSATIONS Can be obtained by means of the electrokymo- 
graph (i) as has been previously reported (2). They are related in timing to 
the pulse waves obtained from the pulmonary artery. This can be verified by 
studying the time relationships of electrokymographic waves from the aorta 
and pulmonary artery, with those obtained from the lung fields in cases of 
marked ventricular asynchronism. The authors believe that lung field pulsa- 
tions are related principally to the pulmonary circulation and further that they 
represent, for the most part, blood volume changes in the area under observa- 
tion. It is believed, however, that at least 3 additional factors enter into the 
composition of these waves, namely pulsations of the bronchial arteries and 
veins, transmitted pulsations from the heart, and changes in density of the 
lung field due to alteration in aeration especially when expiration is attempted 
against resistance. 

Accordingly electrokymograms were taken over the lung fields of normal 
subjects during forced expiration against a closed glottis (Valsalva’s experi- 
ment). The systemic pulse (glycerin capsule over the radial artery) and the 
lung field pulse showed immediate reduction in amplitude which lasted for 3 to 
5 seconds followed by a gradual increase in amplitude. Ten such experiments 
were done and it was noted that some distortion occurred in the first few pulses 
obtained from the lung fields and that no corresponding distortion occurred in 
the systemic pulse. 

In as much as no corresponding distortion occurred in the systemic pulse in 
view of the reports by Fenn and Chadwick (3) as well as the curve published 
by Bard (4) of Bazett’s unpublished experiment and since Westermark (5) 
reported that he could obtain pulmonary artery pressure by means of serial 
radiographs of the lungs while varying the intrabronchial pressure, it was de- 
cided to study the relation of the lung field pulse to measured resistances to 
exhalation. 


Received for publication January 28, 1949- _ 
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JtETIIODS 

Lung field pulsations were recorded bj' means of the clcctrokymograph directed over the 
third or fourtli intercostal space anteriorly on the right side. This site was chosen fo two 
reasons: 1) peripheral to the mid-clavicular line tlie lung field pulsations as recorded electro- 
kjTnographically are less distinct; and 2) it was felt that this represented the most lateral 
area with respect to the heart at which a minimum of transmitted waves from the heart 
would affect the electrokymogram. Pulsations were recorded under the following condi- 
tions: normal respiration and exhalation against known resistances by means of the appa- 
ratus described in figure r. In order to identify and correlate the lung field pulsations indi- 
rectly with tlie pulmonarj* arterial pulse an electrokymogram of the pulmonary artery along 


Fig. I. SOIEUATIC SKETCH OF APPARATUS 
for obtaining exhalation against resistance. 
Patient inserts mouth piece of V in mouth: 
during normal respiration no interference 
occurs; when exhalation is against pressure 
the opening to the room air is dosed. P is 
the pressure bottle into which water from the 
rescreoir R is allowed to flow until a pre- 
determined pressure is attained. The stand- 
pipe S and the water manometer W are used 
in fisng the pressure against which exhala- 
tion is to be attempt^. M is the glass 
membrane manometer which registers the 
actual pressure against which exhalation 
was attempted. 



the left border of the cardiac silhouette and also the radial artery sphygmogram (carotid 
pulse was not used because of the likebhood of stimulation of the carotid sinus reflex by the 
neck damp usually used for obtaining the carotid pulse when exhalation was against pres- 
sure) were simultaneously recorded on photographic paper. The radial artery sphygmogram 
was then continuously recorded with the lung field pulsations. For purposes of determining 
the resistance against which the individual exhaled, a glass membrane manometer was 
placed in the system and its displacement was simultaneously recorded with the radial artery 
and lung field pulsations. 

of 

resistance was applied for approximately 10 to 20 seconds. Twenty-three experiments were 
done on 22 individuals using the technique described. 


A series of experiments was done under various conditions before determining the method 
applying resistance to exhalation. The method chosen is described in figure i. The 
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Table i 



SEX 

AGE 

RCSISTANQC TO EXHAIATION 
IN CM. HlO 

riNDINGS AND COMMENT 

S.G. 

Msa 

10, IS, 20, 25, 30 

At pressures of 20 cm. and above, a significant de- 
crease in the pulsations, first few pulses imme- 
diately after onset of pressure breathing were 
almost obliterated. 

Jie. H* 

FSS 

ro, 20, 30, 40 

At 30 cm., lung field pulsations disappeared. 

IF, a. 

M23 

10, 20, 30, 40 

Two pulsations greatly depressed immediately 
after exhalation between 25 cm. and 30 cm. 

M. P. 

F33 

Gradual increase from 0 
cm. to 40 cm. 

At approximately 30 cm., pulsations markedly 
depressed. 

R. G. 

M67 

10, 20, 30, 40 

At 30 cm., first few pulsations distorted in con- 
figuration and time relationship to radial sphyg- 
mogram changed. 

E. J, 

M34 

10, 20, 30 1 

At 30 cm., pulse waves disappeared at beginning 
of pressure exhalation. 

R.K. 

M26 1 

20. 2$, 30) 3S> 40, 45 

One pulse wave apparently missing at 45 cm. 

J.P. 

Mz6 

20, 30, 40 

One pulse wave missing at 20 cm,; pulse wave non- 
descriptive above 40 cm. 

J,P. 

M26 

2S» 3O) 40, 4Si 50 

One pulse wave missing at 35 cm.; almost obliter- 
ated at 50 cm. and above. 

R. L. 

M23 

20, 25, 30 

Pulse waves diminished at 30 cm. 

S. D. 

Mas 

20, 2S, 30, 35 , 40 

Pulse waves almost disappeared at 35 cm. 

J.A, 

M44 

rS, 20, 30 

Definite decrease in pulsations at 30 cm. 

/. T. 

F69 

20, 30 

Questionable marked decrease of one pulsation at 
30 cm. 

E.A. 

M30 

25,30 

Marked decrease of pulsations at 25 cm. Syncope 
at 30 cm. 

S.A. 

Ms6 

10, 20, 30 

Pulse waves reduced and distorted at 30 cm. 

E. 5. 

M37 

25, 35 

Marked reduction of pulse waves at 35 cm. 

R. H. 

M22 

25, 30, 35, 40, 45, SO 

Pulsations reduced in size at all pressures. 

A.M. 

M22 

25, 32, 40, so 

First few pulse waves reduced in amplitude, and 
after onset of exhalation at all pressures. 

E. R. 

M18 

20, 30, 40 

No significant change in pulse waves. 

R. 0 . 

M22 

10, 20, 30, 40 

No significant change in pulse waves. 

J. L. 

Mas 

20, 30, 40 

No significant change in pulse waves. 

R. S. 

F20 

25, 32, 40, 45, SO 

No significant change in pulse waves up to 50 cm, 
water. At 50 cm. questionable change of one 
pulse wave. 

L.S. 

Ms2 

30, 40, 45 

No significant change in pulse waves noted. 
Higher pressures were not done because patient 
could not tolerate any increase of resistance to 
pressure exhalation. 


Eighteen of the individuals had no gross evidence of cardiac or pulmona^ ^sease. 
Subject 14 (E. A.) had an active minimal pulmonary tuberculosis; suhecl 17 (R. H. bad 
neurodrculatory asthenia; subject 22 (R. S.) had chronic bronchitis of undetermined etmlogy 
as well as abnormal motion of the tight ventricular wall, as determined by the electrokymo- 
graph; subject 23 (K. S.) had congenital heart disease of the Eisenmenger type. 
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RESULTS 

The resistances to exlialation in centimeters of water as well as the results 
observed in the elcctrokymograms of the lung fields are recorded in table i 
Heart catheterisation was performed on subjects / (S. G ) and 2j (L S ). 
The catheterisation studies on siibjccl / (S. G ) showed the following mean 
pressures: 


Superior x-ena cava 

4 cm IRO 

Right auricle 

0 

Right X entricle 

10 

Left ]nilmonary artery 

pressures on subject 2j (L S ) xvere as follows: 

13 to 16 

Superior x-ena cax'a 

14 cm. H2O 

Right auricle 

9 2 

Right ventricle 

60 

Right pulmonary artery 

60 


Subjects / to p inclusive showed significant changes in the lung field pulsa- 
tions occurring at or aliove rather definite pressures. Figure 2 shows an 
example of this group, it illustrates the lung field elcctrokymograms of subject 
r (S G ), one of the patients whose heart was cathetcri/cd 

Subjects 10 to iS inclusive had less pronounced changes occurring in the 
lung field pulsations but nevertheless showed some changes as indicated in 
table I 

Subjects IQ to inclusive showed no significant change in the lung field 
pulsations at the pressures studied 

DISCUSSION 

It is apparent from the results obtained that changes in the lung field 
pulsation can occur when the resistance to exhalation is increased to pressures 
which approximate or exceed those noted in the right ventricle and in the pul- 
monary artery'^ (6, 7) of normal individuals The changes noted vary from 
definite diminutions in the height of the pulse wave to the near obliteration of 
one or more pulse waves immediately after pressure is increased 

The full explanation of these changes in the lung field pulse is as yet not 
available, however, various authors (8-12) report that exhalation against 
pressure reduces the cardiac output Humphreys el at (9) noted a rise in the 
venous pressure and the pulmonary artery pressure accompanied by a decrease 
in the pulse pressure of the pulmonary artery They felt that the reduction in 
cardiac output was due to compression of the heart and its afferent vessels 
which interfered wth filling, as well as compression of the pulmonary vessels, 
which interferes with emptying Carr and Essex (12) apparently feel that the 
increased venous return is due to a cardiac tamponade effect produced by the 
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increased in tra thoracic pressure. From the work of Gibbon et al (13) obstruc- 
tion of the pulmonary artery to the extent of 60 per cent of its cross-sectional 
area is necessary before a reduction in cardiac output is apparent. The sud- 
denness of elevation of the intrathoracic pressure as carried out in these ex- 



Fig. 2. Lung field electrokymograms from subject i (S. G.). The pulse waves at the top arc 
from the radial arter}'; the waves at the bottom are the lung field pulsations obtained by the electro- 
kymograph; the black line is the registration of pressure by the glass membrane manometer. Ini- 
tially the manometer describes zero pressure. The number with each curve indicates the pressure 
in centimeters of water against which exhalation actually occurred. In records I and 11 , little or no 
change occurs with the lung field pulse when the resistance to exhalation is lo cm. and 15 cm. of 
water. In III the pulse waves are diminished. In IV and V the pulse waves are markedl)' di- 
minished with near obliteration of the first few pulse ■waves. 

periments, it might be conjectured, could produce an immediate obstruction 
to venous return and pulmonary outflow, thus causing a cardiac tamponade 
with an accompanying distorted or absent pulse wave. .The immediate re- 
covery of the wave to the undistorted form could then be explained on the 
basis that 1) pulmonary artery pressure rises with the increased intrathoracic 



My jg49 


LUNG FIELD PULSATIONS 


35 . 


pressure maintained at a relatively constant level thus overcoming the outflow 
obstruction and 2) venous return re-establishes itself on the basis noted by 
]Meyer and Isliddleton (14) that venous pressure does not continue to rise if 
there is a ‘leak’ in tlie expiratoiy effort. The transiency of the near oblitera- 
tion or distortion of the pulse wave from the lung field might be similar to the 
effects noted by Fenn and Chadwick (3) on the volume pulse of the finger 
during the first few seconds after pressure breathing begins. 

In the group of patients showing no significant change, 2 individuals show 
evidence of disturbances of the cardio-respiratory mechanism {subject 22 had a 
chronic bronchitis and an abnormal electrokymogram of the right ventricle 
and subject 23 a congenital heart of the Eisenmenger type with a pulmonary 
artery tension of 60 cm. of water). It might be inferred that possibly the 
resistance to exhalation was far below that necessary to affect the pulmonary 
circulation. Should this be true then it would seem reasonable to assume that 
the principal mechanism operating to produce the decrease in volume pulse as 
well as the near obliteration or distortion of one or more of the first few pulse 
waves from the lung fields immediately after the inset of exhalation against re- 
sistance was the sudden compression of the pulmonary vessels as described by 
Humphreys ct al. (9), with such temporary interference nith venous return 
so that one or more cardiac cycles were necessary to increase pulmonary pres- 
sure sufficiently to overcome the compression. 

The fact that lung field pulsations can be recorded and further that they can 
be affected by exhalation against resistance would seem to offer a fertile field 
for further e.xploration of tension relationships in the pulmonary circulation* 

stmsiARY 

Lung field pulsations can be recorded by means of the electrokymograph. 
Lung field pulsations were affected in contour and amplitude in 18 out of 23 
experiments by exhalation against resistance. 'Whether a definite relation- 
ship exists between the blood pressure in the pulmonary circulation and the 
change in lung field pulse when exhalation is against resistance is suggested, 
but remains to be determined. 
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Alveolar Gases hi Rapid Decompression to High Altitudes 

ULMCH C. LUFT, HANS G. CLAMANN and HARRY F. 
AHLER. From Ihe Department of Physiology, VSAF School of Avia- 
tion Medicine, Randolph Field, Texas 

P 

1 ROMPTED BY THE DEVELOPMENT of pressurc Cabin aircraft during the last 
ten years a considerable number of studies in aviation medicine have been 
directed to the effects of rapid decompression. Thus far the main interest 
has been focused on tlie immediate mechanical effects of extreme and sudden 
reduction of the total barometric pressure on living organisms, such as expan- 
sion of internal body gases and the formation of gas bubbles in blood vessels, 
cerebrospinal fluid and tissues. Fortunately the physical dangers of rapid 
decompression have been substantiated only to a limited degree. Based on 
data available today it is safe to say that a drop in ambient pressure from one 
atmosphere to one-tenth of an atmosphere within fractions of a second may be 
injurious but not necessarily fatal to man provided there is no respiratory 
obstruction. 

In view of the foregoing the immediate dangers of rapid decompression 
would result from a subsequent lack of oxygen rather than the mechanical 
effects per se. For this reason accurate knowledge of the special characteris- 
tics of h)q)oxia brought about by rapid decompression is urgently necessary for 
the development of measures to be taken for the survival and revival of airmen 
suddenly exposed to stratospheric pressures. The first step toward this end 
is the investigation of pulmonary gas exchange while breathing ambient air or 
oxygen, whichever the case may be, when the rapid decompression occurs. In 
estimating the physiological effects of altitude, breathing air or oxygen, equiva- 
lent degrees of hypoxia are to be expected whenever the alveolar oxygen pres- 
sures are identical. Convincing experimental evidence has also been gathered 
to demonstrate that physiologically equivalent altitudes may be calculated 
with considerable accuracy on the basis of tracheal oxygen pressures (i), and 
this procedure has been generally adopted in establishing standards for oxygen 
equipment. 

Tracheal oxygen pressures (pOjuach) are calculated from the ambient 
barometric pressure (B) allowing for a water vapor pressure of 47 mm. Hg at 
body temperature and the oxygen fraction in the inspired gas (Foainsp) by 
the following equation: 

P^2trach ' 47) ^02insp (t) 
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In a strict sense the ‘tracheal equation’ as a means of estimating hypoxia 
is vahd only under conditions in which the amount of carbon dioxide passing 
from the blood to the lungs is equal to the amount of oxygen removed from the 
blood in a given time (2). Conversely, any significant disagreement in the 
actual manifestations of hypoxia at altitudes which are equivalent as to their 
tracheal oxygen pressures would indicate differences in alveolar blood gas 
exchange (3). 

We have applied these considerations to the available data on rapid de- 
compression to high altitudes using air and oxygen. In the following analysis 
of these data pertinent to the interpretation of our own investigations we have 
made the assumption that the survival time at altitude bears a direct relation- 
ship to the hypoxia induced by decompression. 

Extensive studies have been carried out by Clamaun (4), Lutz (5) and Gel- 
fan ef al. (6) on small animals to ascertain the survival time on e:^osure to 
sudden decompression to various altitudes. Their results are consistent in 
that the survival time decreases with increasing altitude but reaches a minimum 
which remains constant regardless of further increase in altitude (Minimal 
Survival Time: MST). Lutz ( 5 ) compared the survival time of animals when 
they were exposed to rapid decompression in oxygen and in air. In the series 
breathing oxygen he found that a MST of 25 seconds was attained when the 
animals were decompressed to an altitude of 52,000 feet. Following the same 
procedure to altitudes below 52,000 feet the survival times were longer, and to 
altitudes above 52,000 feet the survival times did not become significantly 
shorter but remained about 25 seconds. In the series breathing air a MST of 
25 seconds was reached on rapid decompression to 43,000 feet or above. In 
personal experiences on themselves Benzinger and Homberger (7) obtained a 
very similar relationship for the ‘Time of Useful Consciousness’ (TUC) after 
explosive decompression to high altitudes breathing oxygen or air. 

In the experiments mentioned above, MST was manifest on the average 
at 52,000 feet with pure oxygen. The tracheal oxygen pressure at that altitude 
(B = 79 mm. Hg) is; 

pOatrach = (79 “ 47) J-oo « 32 mm. Hg. 

The ‘equivalent altitude’ breathing air is obtained by solving equation i for 
barometric pressure (B) when p02trach 3^ Foainsp is 0.209. 

o<2 

B = — -f 47 == 200 mm, Hg. 

0.209 

This barometric pressure represents an altitude of 32,600 feet in the Standard 
Atmosphere. In the experiments breathing air, however, MST was actually 
attained below 43,000 feet. This is surprising because the restog treachea 
oxygen pressure under these circumstances (B - 122 mm. Hg) is: 
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= (i22 - 47) 0.209 = 15-7 mm. Hg. 

Table i summarizes the data given above. 

Evidently ISIST occurs at much lower tracheal oxygen pressures when air 
is breathed. This discrepancy in the customary relationship between tracheal 
oxygen pressures and hj^poxic effects breatliing air and oxygen suggested that 
the composition of alveolar gas changes rapidly during and after sudden de- 
compression in a manner gi^'ing relatively high alveolar oxygen values com- 
pared to tracheal oxj'gen values while breathing air. Convincing evidence for 
this deduction was to be gained only by direct sampling of alveolar gas imme- 
diately after rapid decompression, thereby ascertaining in part the conditions 
for gas exchange in the lungs themselves. 


Table i. Relatioxsiot BEn\XEX tracheal oxygen tension and sorwal time in mice 

ATTER RAPID DECOMPRESSION BREATHING OXYGEN AND AIR (lTJTZ) 


ALxrrrDt 

! 

A\TttACE SininVAL 
xniE 

i 



mm. Bs 

see. 

Sa,ooo (L breathing Oj ! 

7 Q - 27 = 32 

1.00 

32 

2 S 

34,600 It. breathing air 

200 - 47 = IS3 

.209 

32 

80 

43,000 It. breathing air 

122 — 47 = 65 

.309 

iS -7 

2 S 


PROCEDURE 

A ‘parasite compartment’ for rapid decompression was designed large enough 
to accommodate one man in the sitting position. It was attached to a large 
decompression chamber by a pipe 12 inches in diameter. As the volume pro- 
portion of the two chambers was 1:40 the smaller compartment could be de- 
compressed to a simulated altitude of 60,000 feet within 2 seconds if the larger 
one had been previously reduced to 20 mm. of Hg total pressure. The con- 
nection was established by means of a simple knife- valve operated by hand on 
the connecting pipe. The barometric pressure in the parasite compartment 
was recorded continuously during the experiments on a photok3imograph with 
automatic t imin g and markings for alveolar samples, etc. The subject 
breathed through a rubber mouthpiece attached to inspiratory and expiratory 
valves. A nose clamp was worn throughout. The alveolar samples were ob- 
tained at the end of forced expiration in evacuated burettes through a small 
rubber tube leading to the base of the tongue by the subject in the chamber 
and analyzed in the Haldane apparatus. Base-line values were taken regu- 
larly shortly before decompression sitting in the chamber and between 2 and 5 
seconds after rapid decompression to the peak altitude. In the series using 
oxygen which was administered from a Douglas bag outside the chamber 
through a demand regulator it was necessary to start from a base level of 3300 
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Ta... =. CoHPosmoH or orr alvtola. oaa s™s Arxra aapo, Brco»H«sK.» 


NO. or EXPEEIMENTS 

AiTirnDE TO wmcH 
decompressed 

0, 

CO, 

N, 

69 

Jt. 

Ground level 

% 

14-3 

% 

5-6 

% 

80.1 

3 

2 

16, 400 
19,700 

13-7 

14.4 

8.9 

11. 1 

77-3 

74.5 

3 

21,700 

14.8 

II . 8 

73.5 

3 

23,000 

iS-o 

10.8 

74.2 

2 

26,300 

15.3 

14.8 

69.9 

I 

29,500 

15.4 

16.4 

68.2 

4 

31,200 

16.3 

17.7 

66.0 

2 

1 32,800 

19.3 

22.3 

58.4 

6 

33,000 

19.8 

22.0 

S8.o 

s 

34,500 

20.5 

24.2 

55.8 

6 

39,500 

23-7 

30.7 

45.6 

I 

40,000 

23-4 

29.1 

47-5 

2 

45,900 

24.7 

41.6 

34-4 

2 

46,000 

26.0 

42.0 

32.0 

3 

50,000 

27.0 

40.3 

32.7 


The values other than those for ground level were taken 2-5 seconds after the rapid decompres* 
sion to the various altitudes represented. 

The figures given represent single samples or mean values as indicated. 

Ground level controls were taken immediately before decompression in aU experiments. 


Tabie 3, Composition op dry alveolae gas 2-5 seconds apter rapid decompression 

BREATHING OXYGEN 


NO. OF 
EXPERIME2^XS 

ALTITUDE TO 

which; 

DECOMFEESSED 

0 , 

CXh 

N, 


fl. 

% 

% 


% 

2 

32 , 900 ' 

71.7 

I 9 .S 

8.8 


3 

32,900 

70.6 

23.4 

6.0 


3 

39,400' 

73-2 

22.8 

4,0 


3 1 

39,400 

72.0 

23.6 

4.4 


3 

42, 700 

72.8 

24.0 

3 . 2 | 

• base level 3,300 ft. 

3 

44,300 

66.4 

28.0 

5.6 


2 

47,600 

65.4 

31.0 

3.6 


I 

50,000 

58.0 

38.8 

3-2 


I 

50,000 

SO. 6 

44.2 

5.2^ 


I 

50,000® 

50.6 

45-8 

3.6 

1 

I 

52,500® 

40.0 

56.2 

3.8 

i base level 33,000 ft. 

I 

52,500® 

41.0 

56.0 1 

3.0; 



1 Samples were taken 5-6 seconds after decompression. 

= In these three instances the subjects were rapidly decompressed from a pressure altitude^ of 
33,000 feet to the higher altitude shown. In the other tests with oxygen the rapid decompression 
was effected from 3300 feet to the higher altitude. _ . av . • » 

The nitrogen fractions listed are probably due in part to slight admixtures of air at the mspiratory 
port. For this reason it is impossible, unfortunately, to estimate nitrogen elimination from these 

figures. 
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feet because a small pressure difference was required to operate the reducing 
valve of tlie regulator. In several c-Yperiments to 50,000 feet and above, the 
base level was raised to 33,000 feet and maintained for 10 minutes breathing 
oxj'gen to al]e\nate disturbances due to the expansion of intestinal gas in sub- 
sequent decompression to greater altitudes. No incapacitating impairment 
due to trapped gas or ear trouble was experienced during the entire series of 
75 experiments in which pressure differentials up to 600 mm. Hg (11.6 p.s.i.) 
were applied in 2 seconds. On rare occasions fits of coughing set in after forced 
expiration at altitude for alveolar samples. This irritation persisted for several 
hours after returning to ground level. No changes were detected in the lungs 
by .x-ra}' examination on the same day. 

RESULTS 

In evaluating the data presented in tables 2 and 3, showing the composition 
of alveolar gas within the first few seconds after rapid decompression breathing 
air or o.xygen, it must be kept in mind that each of these findings represents a 
momentaiy phase in a rapidly changing course of events and not a steady state. 
Considerable variations in samples taken at the same altitude in different ex- 
periments were to be expected. Taken in their entirety, however, each of the 
two series shows significant trends. 

After decompression breathing air (table 2) there is a marked increase in 
alveolar carbon dioxide, rising from 5.6 volumes per cent at ground level to 
over 40 volumes per cent at 50,000 feet. The percentage of o.xygen in the 
lungs does not show appreciable changes at altitudes below 30,000 feet. At 
34,500 feet, however, the alveolar oxygen approximates that of ambient air. 
Any suspicion of a sampling error was dispelled by the consistently high carbon 
dioxide values in the same samples. In all tests above 39,500 feet the samples 
definitely contained more o.xygen than does inspired air reaching 27 volumes 
per cent at the highest altitude in this series. The results show that the nor- 
mal composition of alveolar gas is almost completely inverted at 50,000 feet, 
a large part of the nitrogen being replaced by carbon dio.xide and o.xygen. 

The situation is different, however, when o.xygen is breathed before rapid 
decompression (table 3). In addition to water vapor there are only 2 rivals 
for alveolar space: carbon dioxide and o.xygen. With increasing altitude 
carbon dioxide encroaches more and more on the o.xygen and gains more than 
half the lung space available for gas at 52,500 feet. 

DISCUSSION 

Under normal respiratory conditions the composition of alveolar gas is 
maintained constant by a balance between the exchange of metabolic gases with 
the blood and the alveolar ventilation. Theoretically the primary effect of rapid 
decompression would be to reduce the density of aU gases present in the lungs 
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in equal proportion.^ This reduction of density in itself would not bring about 
changes in the relative composition of gas. Significant alterations in the rela- 
tive proportion of the various gases must be the result of simultaneous and sub- 
sequent blood-alveolar gas exchange and of adjustments of respiration. 

According to our data there must be an appreciable discharge of carbon 
dio.xide from the blood in a very short time accompanied by a sharp decline in 
the uptake of oxygen. Since more oxygen was found in the lungs than is pres- 
ent in air above 40,000 feet when only air was inhaled, the oxygen must neces- 
sarily have passed back from the pulmonary blood into the alveoli. Any re- 
spiratory movements which may occur seem to have very little efiect on the 
alveolar gas composition under these conditions since carbon dioxide and 
oxygen predominate over nitrogen. 

In the absence of any inert gas when breathing oxygen it is not possible to 
estimate the oxygen uptake from the alveolar data nor to determine if and when 
a reflux of oxygen into the lungs takes place, as is the case when breathing air. 
The oxygen found in the alveolar samples may originate from the blood or the 
inspired gas. Whatever amount of oxygen may be released from the blood, 
its amount is certainly surpassed by the profuse discharge of carbon dioxide. 

The physiological significance of the remarkable changes found in the 
composition of alveolar gas after rapid decompression cannot be fully appre- 
ciated without ascertaining the effective tension of each of the components in 
their relationship to the gas tensions in the blood passing into the lungs. 

Gas Teftsions. In calculating the partial pressures of oxygen and carbon 
dioxide at the time the samples were taken, it is necessary to make an impor- 
tant reservation: Is it permissible to assume complete water vapor saturation 
at body temperature under the conditions of the experiment? During sudden 
decompression a large part of the total gas content of the lungs is expelled 
including a proportionate amount of water vapor. We do not know if com- 
plete saturation is regained immediately, especially in view of the hyperventila- 
tion which ensues. We hope to obtain more information on this point in a 
current study with a new device for measuring water vapor saturation in small 
samples in which the dew point is determined thermo-electrically. For the 
present we may assume full saturation in our samples and calculate the partial 
pressures in the customary manner as 

pOaalv = (B — 47) ^®2alv ^ ^ 

in which B = barometric pressure. ^ 

47 = water vapor pressure in mm. Hg at 37° C. 

Fo2aiv = fraction of oxygen in alveolar gas. 

In figure i the partial pressures of oxygen and carbon dioxide are plotted 
against barometric pressure and altitude from the data in tables 2 and 3 con- 
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trasting the conditions breathing air and oxj^gen. The benefit gained by 
breathing oxygen as compared to air is very striking in the alveolar oxygen 
tensions obtained at moderate altitudes but becomes much less impressive at 



Fig. I. Alvzolae oxygen and carbon dioxide pressures immediately after rapid decompression 
breathing air (x) and breathing oxygen (•) at altitudes up to 52,5°° teet. Lines of reference: A. 
Theoretical alveolar oxygen pressure calculated for a volume fraction of 0.143 oxygen, as present at 
ground level before decompression = (B — 47) 0.143. -B. Tracheal oxygen pressure breathing air 
calculated as = (B — 47) 0.209. C. Tracheal oxygen pressure breathing oxygen calculated as 
= (B — 47) 1.00. D. Theoretical alveolar carbon dioxide pressure calculated for a volume fraction 
of 0.056 as present at ground level before decompression = (B — 47) 0.056. 

40,000 to 50,000 feet and above. The main reason for this is obviously the 
reduction in total pressure which brings the partial pressures closer together 
in both cases. In addition it is noticeable from figure i that the alveolar 
oxygen pressure of the individual breathing air gradually gains ground on the 
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subject with oxygen above 33,000 feet. This is due to carbon dioxide and 
oxygen from the blood entering the alveoli and partly displacing the nitrogen 
there. Part of the oxygen from the blood is trapped in the lungs and a higher 
oxygen pressure is maintained at the blood-gas barrier than would be the case 
if the barrier were directly exposed to the ambient atmosphere. It appears 
that the oxygen issuing from the blood is not entirely lost to the organism but 
temporarily builds up the alveolar oxygen pressure to a level higher than that 
in the environment. 

Such a situation certainly cannot arise when pure oxygen is inhaled. In 
this case any blood gases originating from the pulmonary capillaries can (hsplace 
only oxygen and carbon dioxide. Since the latter is predominant, the alveolar 
oxygen pressure remains well below that in the trachea (fig. iC). The tend- 
ency of the alveolar oxygen pressure in the man breathing air to approach that 
of the subject using oxygen continues up to approximately 52,500 feet where 
they are practically identical. 

Considering these changes in alveolar gases it may be understood why it is 
not possible to predict 'equivalent altitudes’ in rapid decompression by calcu- 
lating equal Irackeal oxygen pressures as we pointed out for the survival time 
in table i. By interpolating the alveolar oxygen pressures in figure 1 for the 
altitudes at which minimal survival time was reached breathing air (43,000 feet) 
and oxygen (52,000 feet), a much closer agreement is found. In both cases the 
alveolar oxygen pressure would be 18 to 20 mm. Hg. 

In rapid decompression to altitudes above 52,500 feet it is irrelevant, as far 
as immediate hypoxic effects ate concerned, whether air or oxygen is breathed. 
This, however, by no means signifies that it is useless to supply oxygen under 
these conditions. On the contrary the chances of survival and revival for an 
aviator exposed to explosive decompression in the stratosphere will depend 
mainly on his being connected to his oxygen apparatus in this emergency and 
during descent. Recompression under these conditions has the effect of one 
very deep inspiration. Gas is pressed into the lungs regardless of respiratory 
movements. If pure oxygen is available, adequate conditions for survival on 
descent will be reached around 44,000 feet. Breathing air, consciousness may 
not be regained if a descent below 25,000 feet is not accomplished quickly 
enough. 

Gas Difusion. Under the experimental conditions used in this study it is 
possible to vary the gas tensions instantaneously at the alveolar gas-blood 
barrier, thereby forestalling any respiratory or cardiovascular adj'ustments of 
the organism more effectively than by any other procedure to produce acute, 
severe hypoxia in animal experiments. Fulminating hypoxia has frequently 
been induced for this purpose either by suddenly replacing pure oxygen by air 
at high altitudes or by administering 100 per cent nitrogen at ground level. 
Both these procedures involve an uncertain period of time for intrapuhnonary 
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mbcture which depends mainly on the respiratory volume and considerably 
delays hypoxia of the blood and tissues. 

In rapid decompression or recompression gas tensions in the lungs change 
so abruptly tliat the alveoli act in the manner of an aerotonometer in which 
o.xygen can be shuttled back and forth across the alveolar membrane by 
reversing the pressure gradient for diffusion. Taking, for example, an experi- 
ment in which the alveolar o.xj^gen was 14.3 volumes per cent at ground level, 
and 27.0 volumes per cent 5 seconds after decompression to 50,000 feet (B = 
S7 mm. Hg), the increment of o.xygen in the lungs was 27.0 — 14.3 = 12.7 per 
cent of the alveolar gas volume. The lung volume of the subject was measured 
as appro.ximately 3000 cc. at resting respiratory level, so that the increase in 
oxygen may be estimated as 3000 X 12.7/100 = 381 cc. 

In this equation the alveolar air is assumed to be saturated with water 
vapor at 37° C. It represents the actual volume of o.xygen increase in the 
lungs in 5 seconds at 50,000 feet. Reduced to Standard Temperature Pressure 
(STP) this amounts to : 


•17 1 ^7 - 47 ^ 

VolsTP — - X 


273 


760 


273 + 37 


381 = 17.7CC. 


The rate of flow for oxygen passing from the blood in these 5 seconds must have 
been at least: 17.7 X 60/5 = 212 cc./minute. 

This figure which is not far below the normal rate of oxygen uptake cer- 
tainly represents a minimum because part of the gas must have escaped to the 
environment. Admittedly arbitrary in detail this example shows that oxygen 
may flow freely through the alveolar membrane in either direction according to 
the diffusion gradient. More e.xact measurements of gas diffusion will have 
to include continual measurement of volume and composition of expired gas (8). 

From the data provided in figure i, one may predict at what altitude oxy- 
gen will start flowing back into the lungs if it is accepted that the oxygen pres- 
sure of mixed venous blood entering the pulmonary capillaries is 35 to 40 mm. 
Hg and that this tension is maintained for several seconds after decompression. 
At 32,800 feet (198 mm. Hg) breathing air the alveolar oxygen pressure drops 
to 30 mm. Hg establishing a pressure-head of 5 to 10 mm. Hg from the blood to 
the alveoli. Using oxygen a similar situation would not arise below 48,000 
feet. A reversed pressure gradient of this kind caimot persist for any length 
of time. Due to the continuing utilization of oxygen, the oxygen tension of the 
blood returning to the lungs must fall below that of the alveoli very rapidly. 
A number of alveolar determinations (table 4) at 33,000 feet taken at different 
intervals up to 25 seconds in separate experiments breathing air demonstrate 
the very transitory nature of the conditions for gas exchange. 

Each figure in table 4 represents the mean value to at least 3 experiments. 
During the first few seconds (A) the alveolar oxygen content is nearly as high 
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as in ambient air, probably due to the reflux of blood oxygen mentioned above. 
After 8 to lo seconds (B) it has declined slightly accompanied by a rise in car- 
bon dioxide and a further drop in nitrogen. Since the alveolar oxygen content 
has dropped to 17.7 volumes per cent after 20 to 25 seconds (C^ it must be 
assumed that oxygen is again passing into the blood at this time, even if this 
implies that the pulmonary blood has less than 18 mm. Hg oxygen pressure. 
A simultaneous increase in pulmonary ventilation indicated by a lower carbon 
dioxide and higher nitrogen level which would tend to raise the oxygen level, 
only emphasizes this interpretation. Incidentally the proportion of 64 volumes 
per cent nitrogen present in the lungs at 20 to 25 seconds shows that the stream 
of carbon dioxide released from the blood is still much greater than the oxygen 
uptake. In fact the ‘alveolar R.Q.’ (9) resulting from the data in table 4 C 
amounts to 2.5. This, of course, is no measure of the true combustion quotient 
in the body but merely demonstrates the ‘non-steady state’ of respiratory 
conditions. 


Table 4. CoitPOsiiroN of alveolar gas and gas tensions at different times after 

RAPID DECOMPRESSION TO AN ALTITUDE OF 33,000 FEET BREATHING AIR 


TtUE or SAimJE , 

! 

Oj 

CO* 

i 

Nj 

BG 

pO» 

pCOj 

pNi 

1 

A « 2-5 sec. 

B = 8-12 sec. 

C == 20-25 sec. 

1 

% 

\ 20.05 
19. 1 
17.7 

% 

19.6 

1 22.8 
18.3 

1 % 
60.35 
58.1 
64.0 

i 30*25 
28.5 
18.0 

28.0 
! 33.0 

25.0 

118.5 

114.0 

125*5 


Hypocapnia. In view of the far-reaching effects of any substantial loss of 
carbon dioxide from the blood on its oxygen saturation, on ^h, and on cerebral 
blood flow and cell metabolism, it is important to estimate the extent of 
hypocapnia caused in the blood in rapid decompression. Although aU. alveolar 
samples indicated a very marked increase in the volume fraction of carbon 
dioxide, the carbon dioxide pressures calculated from the samples (fig. i) were 
consistently below the average at ground level, and dropped to near 15 mm. 
Hg at 50,000 feet. 

The question arises whether the blood passing through the lungs in this 
case reaches an equilibrium with the alveolar carbon dioxide as is generally 
accepted for normal conditions. According to the investigations of Luckner 

(10) the unloading of carbon dioxide appears to be rapid enough to ensure 
complete equilibrium in less than i second within a wide range of carbon dioxide 
tensions and independent of the oxygen saturation of the blood. The average 
time spent by the blood in the pulmonary capillaries is of the same magmtude 

(11) . We do not know if this is true in rapid decompression. However, if we 
assume the carbon dioxide tension in the pulmonary vein to be equal to tne 
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alveolar tension, we may attempt an approximate calculation of the amount, 
of carbon dioxide passed from tlie blood into tiie lungs, provided the carbon 
dioxide content of pulmonary arterial blood does not change appreciably by 
recirculation wntliin the 5 seconds tliat elapsed between rapid decompression 
and the alveolar sample. In table 5 the carbon dioxide output in the lungs is 
derived from the alveolar carbon dioxide pressure as measured at 50,000 feet 
based on a normal pulmonary blood flow of 4800 cc/min. The arterial carbon 
dioxide content was determined from a carbon dioxide absorption curve of 
blood taken from the subject of this experiment at ground level allowing for 
changes in capacity due to the simultaneous reduction in oxygen saturation 
at altitude (12). It appears that the amount of carbon dioxide released from 
the blood at 50,000 feet is three times greater than in the same time in resting 
conditions at ground level. There can be no doubt that the blood passing 
through the lungs becomes severely hypocapnic immediately after rapid de- 
compression at great altitudes to an extent reproducible only by forced breath- 


Table s. Passage or casbon dioxide into the lungs at ground level (a) and 

nniEDlATELV AFTER RAPID DECOMPRESSION TO PEET (o) 



UDCED VXS0X3S BLOOD 

al\t:our equal 

AKtCBIAL BLOOD 

COi 

DlTTBErKCi: 
VEN. — ART. 

CO* 

PER UZK. 

Content ! 

Tension 

Content 

Tension 


wt. % 

mm. 

eol.% 


Vol% 

CC. 

A 

S 3 

4 S 

48 

IQI 

S 

240 

B 

53 

4 S 

38 

■■ 

IS 

720 


The above is calculated from the alveolar carbon dioxide tension and the carbon dioxide absorption 
curve for a pulmonary blood flow of 4800 cc. per minute. 


ing over a period of many minutes. A considerable rise in blood pu is in- 
evitable. 

Hypocapnia is well known as an attendant phenomenon of mild and severe 
hypoxia and is generally accepted to be the result of hyperventilation due to 
the hypoxic stimulus. In rapid decompression carbon dioxide is lost from the 
lungs in considerable quantities before any adjustments of respiration come into 
play. In this case hypoxia and hypocapnia are completely simultaneous. 

STJMHARV AND CONCLUSIONS 

During and immediately after rapid decompression to high altitudes 
breathing air the composition of alveolar gas undergoes changes involving an 
increase in the volume fractions of carbon dioxide and oxygen and a decrease 
in nitrogen. At altitudes above 39,400 feet more oxygen was present in the 
lungs than in the ambient atmosphere. 

While breathing oxygen in similar experiments the alveolar oxygen fraction 
was partly displaced by carbon dioxide which comprised more than half of the 
lung gas content at 52,500 feet. 
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By relating the alveolar gas pressure to the altitude it is shown that the 
benefit gained by breathing oxygen at moderate altitudes is less pronounced in 
rapid decompression to higher altitudes. This is not only the result of the 
reduction in total pressure but also due to the relatively high oxygen content in 
the lungs after decompression breathing air, where oxygen from the blood re- 
turns to the lungs and temporarily augments the alveolar oxygen pressure at 
the expense of nitrogen. In effect there is little difference in alveolar oxygen 
pressure whether breathing air or oxygen in rapid decompression to altitudes 
above 52,500 feet. Nevertheless the decisive importance of breathing 100 
per cent oxygen previous to and continuously after decompression for the 
chances of survival on descent is emphasized. 

In rapid decompression ‘equivalent altitudes’ cannot be estimated from 
tracheal oxygen tensions as these do not reflect the conditions in the lungs. 

On applying the data obtained in this study to previous comparable 
investigations on rapid decompression, it appears that survival time and time 
of useful consciousness reach a minimum and remain constant at altitudes 
where the alveolar oxygen pressure drops below 18 to 20 mm. Hg. Evidence 
is presented that oxygen passes back into the alveoli from the blood in the 
pulmonary capillaries whenever the alveolar oxygen pressure is lower than that 
of mixed venous blood. The low carbon dioxide pressures encountered imme- 
diately after rapid decompression indicate that hypocapnia of the blood is not 
a secondary event but is simultaneous with hypoxia under these conditions. 
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Ventilation of Clothing 
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P 

JL HYSiOLOGiC/XL REGULATION and insulative clothing are insufficient pro- 
tection against very high temperatures, common in industry and in the armed 
sendees, and against the widely and rapidly varying temperatures peculiar to 
aircraft operations. Electrically heated clothing broadens the comfort range 
of clothing for low temperatures; but air crews especially may spend much time 
in warm or even hot environments before e.\posure to cold. It will be shown 
herein that air of the proper temperature blown under the clothing near the 
skin can protect against high, low and changing temperatures. The ambient 
environment is replaced mth an individual environment of roughly one cubic 
foot per man; and the function of the outer clothing is changed from insulation 
of the man to insulation of the ventilating air. Because of this, outer clothing 
may be chosen for its functional suitability, and not necessarily for its insula- 
tion; for example, vapor impermeable outer garments offer no problems of 
thermal comfort. The chief limitation, as of electrically heated clothing, is the 
necessary connection to a power source. 

The purposes of this paper are to define the ventilation requirements for 
maintenance of thermal balance, in the range —30° F. to +180° F.; and to 
point out the potential usefulness of internally ventilated clothing both as a 
tool of physiology and as a solution to many industrial and Service problems 
of thermal protection. 

The idea of blowing or circulating air under clothing is not new. In 1904 
a patent was granted on a ‘Body Ventilating Apparatus’ (i) and a number 
of others have been issued since. However, it is only within the last few years 
that there has been any persistent construction and testing of ventilating suits. 
Hough ten ei al. (2) in 1941 reported increased comfort and efficiency of workers 
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in hot environments when a simple ventilating coverall was worn. Their report 
set forth some of the physical principles of the system. During World War II 
an Australian group designed and tested a ventilating harness and air supply 
system for use in tanks at temperatures of about ioo° F. From 1943 to 1945 
the Armored Medical Research Laboratory reported the e:rperh»ental use 
of ventilated garments designed for use in tanks (3). The Royal Canadian Air 
Force improved a Royal Air Force airheated undersuit; by 1945 a suit which 
heated the hands, feet and back had been developed which gave some protec* 
tion down to — 30° F. as judged by subjective sensations and skin (but not 
rectal) temperatures (4). An extensive series of tests of several ventilating 
garments was reported in 1945 by the Aero Medical Laboratory (5). These 
tests were made to select a suit, and air flow and temperature, for men doing 
moderate work for limited periods at 165° F. in the Climatic Hangar of the 
Air Proving Ground Command. Several ventilated suits have been manu- 
factured by the Strato Equipment Company of Minneapolis and the Carrier 
Corporation of Syracuse, but regular use of such equipment is not known to 
the authors. 

Previous studies have been primarily tests of equipment intended for 
specific purposes. The present paper is concerned with what any clothing 
ventilating system must do to insure comfort with variation of the ambient 
temperature, amount of outer dotbing and activity. It is not concerned with 
the mechanics of the system. The experimetits discussed herein were designed 
to keep men comfortable at ambient temperatures ranging from -30° F. 
to -f 180° F. when clothing intended for use at 40 or 50° F. was worn; and 
with hands and feet heated or cooled only by their blood supply. Since the 
experiments were planned to maintain thermal balance, neither a control series 
nor a definition of tolerance was required. 


THEORY 

The essence of the problem is the determination of the heat content change 
of the ventilating air for any combination of insulative clothing, ambient con- 
ditions, and metabolic level. The general relation between the rate of heat up- 
take of the ventilating air, the rate of heat loss by the body , the rate of heat 
leakage through the clothing, and the rate of change of the heat content of the 
body may be written; 

{A) A H,/t = Qb/t - Qo/i - A Ht/i 


Where.' 


is the change in heat content (enthalpy) of the ventilating air. This is taken as 

positive when the heat content of the air inaeases. , ^ 

Qs is the sensible heat loss of the body, i.e.. the difference between tOie total metabolic 
heat, Qn, and evaporative heat loss, Qe. 
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Qg is the heat leakage through the clothing. This is taken as positive when the direc- 
tion of heat flow is outward. 

AUb is the change of heat content of the body. Contrarj' to some terminology, this is 
defined as being positive when the heat content of the body increases. 

/ is time. 

An expression for the rate at which heat should be supplied or removed from 
the man to maintain thermal balance was found to be useful. This is desig- 
nated as the ‘steady state heat surplus’, Qff/t, and is defined by the relation; 

( 5 ) Qc/i = Qb/i - Qo/i\ 

that is, the steady state heat surplus is the difference between the sensible 
heat loss of the body, and tlie heat leakage through the clothing. At low ambient 
temperature Qcr/i is negative — heat must be supplied — and at high tempera- 
tures, it is positive. For thermal balance AHt/l should equal Qc/l. 

The rate of increase in heat content of the ventilating air, AHv/t, is defined 
by the equation; 

(Q ABwi = (lEr/o a (r« -r.,). 

MTiere: 

Wt/t is the flow rate of the air in weight units per unit time. 

Cv is the specific heat of the air at constant pressure. 

Tti and Tri arc the temperatures of air entering and leaving the garments, respectively. 

The rate of heat loss through the clothing, Qg/l, is determined by the insulation 
of the clothing worn over the ventilating air, and by the environmental con- 
ditions. This relation may be expressed by the do equation of Gagge, Burton 
and Bazett (6); 

(D) Qjl 

Where: 

hs is the constant for conversion to do. 

Ac is the area of the dothing layer just outside the ventilating air, i.e., of the barrier 
coverall described bdow. 

Tc is the average barrier coverall temperature. 

To is the operative temperature ( 7 ). 

I is the insulation (in do) of the outer clothing (1^) plus the insulation of the ambient 
air (la)) i.e., 

(■E) I = la + Ic 

The temperature and the area of the barrier coverall rather than of the skin 
are used in equation D because the outer clothing primarily insulates the air, 
and not the man, from the environment. It is obvious from equations A and D 
that AHc/ 1 will vary inversely with the insulation. The rate of heat leakage 
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through ae clothing becomes large when T. differs significantly from T. fWh» 

le man is comfortable, T. is relatively constant over the wide range of ambient 
temperatures studied, as will be shown.) ^ ^ 

A reJatwn may be derived between the steady state heat surplus, Q,/l, and the insula- 
lon underJymg the ventilating air (or other source of heat or cold) and the overlying insula- 
^on, and 4 respectively. The following is a variant ot the derivation reported to the 
Canadian National Research Council by A. C. Burton in 1945, 

» 06 // - Qa/(. 

Qdit may be given for the steady state as 


(o) Qb/t = 

/u 

where is the area of the underlying garments, T, is average skin temperature, and Tv is 
average ventilating air (or electrically heated suit) temperature. 

Qo/t is defined by 


(i) . Q^/t =: 

Ig 

where Ag is the outer garment area and Tg is the average temperature of its outer surface. 
Substituting the expression for Tv from (a) into(b), assuming that = Ag or that an inter- 
mediate value, A„, is used, and substituting the resultant expression for Qg/{ into (6) gives: 

(c) Qa/t = Q,/l (I -b IM - 

^<2 


This equation may be written more exactly as a summation of the several body regions. It 
is to be noted tliat no assumption is made concerning direction of heat flow. 

The definition of do involves the subtraction of the insulation of the air 
from the total insulation (6), which implies that insulations in do are additive. 
However, since do is defined as a temperature difference per unit rate of beat 
production pr unit area, they are strictly additive only if increased tbicbness 
of insulation does not change the outer area, i.e., for flat surfaces. The usual 
practice is to determine Ig and !<, separately, Ig from the do equation and la 
from an empirical equation, e.g. (8). This procedure has been followed in the 
calculations to be described. The insulation of the outer clothing was deter- 
mined upon an electrically heated copper manikin (9) with that clothing layer 
just outside of the ventilating air placed next to the heated surface of the 
manikin. It is to be noted that when the requirements established by these 
experiments are used, insulation must be determined in a like manner. The 
error in the addition of /„ to Ig is due to the variation of outer clothing area 
with different dothing assemblies. The absolute value of this error increases 
with increasing thickness of the clothing, but, since is small compared to Ig, 
the relative error may decrease with heavier clothing. There are other factors 
which are not considered in equations A and C because they are within t e 
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limits of error of the experiments to be described. These are the change in heat 
content of tlie clothing, the change in kinetic energy of the ventilating air, and 
any Joule-Thomson effect. Variation of the humidity of the ventilating air is 
of little importance, since its effect on specific heat is vdthin the limits of ex- 
perimental error. The principal humidity requirement is that the vapor pressure 
of the water in the ventilating air be somewhat below the vapor pressure of 
water at skin temperature. 

Physiological strain may be evaluated by measurement of changes of body 
temperature as determined by Burton’s (lo) equation, by the sweat rate, and 
by subjective comments. (It will be shown in the paper following this that the 
temperature of the hands and feet is also a good indication of such strain.) 
Whether or not a given physiological adjustment causes discomfort may 
depend upon the experimental conditions. Thus, while accumulation of sweat 
in clothing is uncomfortable, moderately increased sweating in a ventilated 
system is not, since evaporation is rapid to the internally circulating air. The 
subjective effect of vasoconstriction in the hands and feet depends upon 
whether or not these parts are externally heated. A change of body heat con- 
tent of ±io Cal. usually produces no discomfort. 

In a physical system, a given AF,// can be achieved by wide variation of 
both the air flow and temperature. In a physiological system, the temperature 
range of the ventilating air is limited. According to Moritz and Henriques 
(ii), air hot enough to raise skin temperature to 120“ F. will produce hyperemia 
in 8 minutes and epidermal necrosis in 10 minutes; and when skin temperature 
is 111° F., hyperemia occurs in 5 hours and epidermal necrosis in 6 hours. Dis- 
comfort due to chilling at the ventilating air inlet openings will result if very 
cold air is used. To make the best use of the ventilating air with a given thick- 
ness of clothing, there should be a minimum of insulation between the skin 
and the ventilating air, and the air should flow parallel to the skin and not 
transversely through the outer clothing. 

METHODS 

The experiments were done in the All-Weather Room of the Aero Medical 
Laboratory, at about 180, 120, 75, o, —20, and —30° F. Air and wall tempera- 
tures were the same, so that operative temperature (7) was the same as dry 
bulb temperature. Air movement was such that the insulation of the ambient 
air, la, was the equivalent of 0.7 do below 60° F.; at and above 60° F. it was 
0.8 do. Detailed descriptions of methods and calculations are given in Fetcher, 
Rapaport and Hall (12). 

A ventilating assembly was designed to give reasonably good air distribu- 
tion and to permit measurement of the temperature of the air leaving the 
clothing. It consisted of six rubber tubes supported inside a thin, air imperme- 
able, barrier coverall. Drawstrings in the coverall divided the body into trunk. 
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arm, hand, foot, leg, and head regions and kept the air close to the skin. The 
head,^ trunk, arms, and legs had separate air supplies and air exhaust ports 
permitting separate measurement of flow and inlet and outlet temperatures! 
The hands and feet were not ventilated, and care was taken to prevent leaka<^e 
of air from the cuffs of the barrier coverall. This assembly was worn over long 
underwear equipped with thermocouples for skin temperature measurement. 
The insulation over the coverall was 2.1 do in some cases, and 2.5 clo in others, 
as determined on an electrically heated manikin (9). The footgear insulation, 
calculated in clo, was 2.6; that of the gloves, i.o. The flow distribution was 
generally in proportion to the area served, except that to the head; i.e,, ap- 
proximately 13 per cent to each arm, 25 per cent to each leg', and 24 per cent 
to the trunk. The head was not induded in the general treatment because 
many factors other than activity and insulation influence its ventilation re- 
quirements. Since its area is about 8 per cent of the body area, that proportion 
of the sensible heat production was assigned to it, and subtracted from the 
total to give the sensible heat production of the rest of the body, Q//t. (The 
body without the head will be written ‘body’.) 

Metabolic rate was measured in about one third of the experiments, but 
was found to vary only between 43 and 57 kg. Cal/hr/sq.m.; 50 Cal/hr/sq.m. 
was taken as the rate in the other experiments. Evaporative weight loss was 
measured in the experiments at room temperature and above; these measure- 
ments gave an average evaporative heat loss rate of 40 per cent of the metabolic 
rate for the experiments which maintained thermal balance; this percentage 
was assumed for the low temperature ‘balanced’ experiments, where weighings 
would have been unreliable because of the accumulations of condensed mois- 
ture. The exchange of heat between the lungs and the ventilating air was 
always negligible, except for evaporative loss, because the air was always 
temperate. Skin and rectal temperatures were measured at half-hour intervals. 
None of the variables of equation A was determined by difference. 

RESULTS 

Forty-three experiments were performed on 4 subjects; thermal balance 
was considered to have been maintained during 29 of these. The results of 
these ‘balanced’ experiments are summarised in table 1. Wherever the factor 
of area has entered into the calculations the results have been reduced to the 
area of the ‘Air Force Man’ (13). The corrections were small since our subjects 
ranged from 1.72 sq.m, to 3,90 sq.m., and the standard was taken as t.84 sq.m. 
Detailed data are given in (12). 

The first column of the table lists the number of experiments used m ar- 
riving at the average values given in the table. The second column is 
the ambient operative temperature, in this case equal to the dry bulb tempera- 
ture. Column 3 is the insulation outside of the ventilating air, over trunk, 
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arms and legs, and includes the insulation of the ambient air. Column 4 is 
the average barrier coverall temperature, measured by 28 thermocouples. 
Column 5 gives the heat loss for the vasodilated hands and feet (Qh+/) ivith 
gloves of 1.0 and boots of 2.6 equivalent do (excluding air insulation). Column 
6 is the observed enthalpy increase of the ventilating air, and column 7 is the 
steady state heat surplus calculated according to equation B from observed 
or assumed sensible heat loss rates, and from observed coverall temperatures. 
The values for the steady state heat surplus, in column 7, will be seen to be 
almost identical to the standard steady state heat surplus values given in 
column 8. These latter are calculated from a ‘standard’ sensible heat loss rate 


Table i. StiMMARV of ‘balanced’ experiments 
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40 ±2 

— 287 ±9 

-263 ±2 
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of 51 Cal/hr. for the ‘body’ and from the standard heat loss rate through the 
clothing according to the equation. 

(F) Q//t = 

Where: 

Te is the standard barrier coverall temperature, is taken as the average of the T/s 
of the ‘balanced’ experiments. 

4 c is the standard heat transfer area of a barrier coverall for the ‘Air Force Man’. 

Qh+f is the standard heat loss from hands plus feet when these parts are vasodilated. 

The values used are the averages of the ‘balanced’ experiments. 

The last column of the table shows the difference between the rate at 
which heat should have been removed and the rate at which it was being 
removed by the air. (Positive values mean that the surplus was being removed 
too slowly; that is, that the enthalpy of the body was increasing.) With two 
or three exceptions the differences are about the size of the experimental error. 
At low temperatures, it is apparent that there was a tendency to overheat the 
subjects; and a tendency at high temperatures to overcool them. This may be 
because both subject and operators were apprehensive of allowing the subject 
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to cool at low ambient temperatures, and to burn at very high temperatures, 
It will be shown in the following paper that overheating at low ambient tem- 
peratures is not required for comfort. 
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in whidi the constant 7.95 includes not only kg and Ac but also a correction for 
Qa+/. The condition that Q<r'/t = o means that only enough air need be sup- 
plied to effect heat removal by evaporative cooling alone. A more useful form 
of cquaiion G is given in figure i. This nomogram is of general application for 
the determination of the steady state heat surplus, independently of the source 
of heat or of heat removal, provided the following conditions obtain; or that 
corrections are applied: /) The requirements of the head are not included, and 
no artificial heat is supplied to the hands and feet. 2) The total outer insulation 
(dothing outside of the heat source induding air) has been determined as 
described under Methods. 3) The heat source is separated from the skin by 
less than one-half do. 4) The heat loss by evaporation is 40 per cent of the 
total metabolic rate, if the Qm/t activity figures are used. {Qb /t values are also 
given for use when this is not the case.) 5) The insulation of the gloves including 
air is between and 2 equivalent do, and the hands are not in contact with 
solid objects. 6) The insulation of the footgear including air is greater than 
three equivalent do. 7) The area of the man is about 1.8 m-. 

Figure i shows dearly the influence of outer insulation upon the heat re- 
quirements. At an operative temperature of about 90° F. the clothing has no 
effect on the requirenients, whereas at extreme temperatures its effect is great. 
The nomogram can also be used for the estimation of tolerance times if the 
total allowable body heat content change is known. The error of the chart is 
about 10 per cent or 10 Cal/hr. 

Figure i was prepared on the assumption that Tc is constant at 90° F. 
Table i shows that Tc varies between about 86° F. and 95° F. for the ‘balanced’ 
comfortable experiments. The assumption does not apply to the comfort tem- 
perature for the coverall. In our experiments the subjects were too hot or too 
cold if the coverall temperature was more than about 2° above or below the 
averages given in table i. 

Figure 2 is a nomogram relating the change in heat content of the ven- 
tilating air to air flow and air inlet temperature. It is based on an empirical 
relation between the change of ventilating air temperature, Ar„, and the inlet 
air temperature, T,, : 

(ff) ATv = (61.1 ± 1.6) — (0.69 db .05) r*i. 

This was substituted in equation C. This chart is less reliable than figure i, 
and it applies only to the ventilating assembly which we used. It is included 
to emphasize that, even with more efi&cient ventilating assemblies there will 
be rather definite limits to the rates at which heat can be supplied to the body; 
hence at extreme temperatures, as much as possible of the body surface must 
be ventilated; and appreciable insulation over the ventilating air is necessary. 
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On the other hand, requirements in the range +30“ F to -4-120^ F k 
with very simple equipment. ^ ^ 



Fig, a. Nomogram for estimation of inlet air temperature from air enthalpy change and flow 
rate. (Limited to ventilating assembly described in test.) (To determine air temperature, extend a 
straight line from the given air enthalpy increase, which may be equal to the steady state heat 
surplus, to the given air flow, and thence to the air temperature line.) 

As mentioned above, the head was not included in any of the estimates 
for mechanical reasons, although complete measurements were made of the 
ventilating conditions. A full helmet was used, reasonably air tight at the base 
of the neck; its insulation (excluding ambient air) was about 0.9 equivalent 
do. It was suspended on an internal frame so that the ventilating air could 
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circulate freely around the head. At the e.Ktreme ambient temperatures, one- 
half pound of air per minute ^vas found to be ample for comfort. 

Two main avenues of development of ventilated clothing lie ahead: its 
development as a system of ‘personal air conditioning’ for the armed services 
and industr}"^ and its development as a physiological tool. The Service and 
industrial developments will require not only garment development, but de- 
velopment or adaptation of air source equipment in many instances; and 
control of air flow and temperature more or less automatically, depending on 
variability of ambient temperature, metabolism and insulation. However, 
control need not be precise, so that original calibration of a ventilating as- 
sembly to yield the information contained in figure 2 should provide a suffi- 
ciently accurate basis for adjustment of inlet air temperature and flow rate. 
It will be apparent from the following paper that ventilated clothing 
has been useful as a ph}*siological tool and that it has potentialities as an ap- 
proximate calorimeter. Not only does it permit reasonably accurate quanti- 
fication of thermal states and changes, but also it provides a flexible means of 
separate control of different body areas. It is quite possible that it may find 
application in physiological studies by virtue of this flexibility and its relative 
cheapness as compared to heated or refrigerated chambers. However, it is 
improbable that a single calibration of the ventila'ting harness (to relate inlet 
air temperature to the difference between inlet and outlet air temperatures) 
would give satisfactory accuracy for calorimetric studies. Therefore outlet 
air temperatures and separate air flows would have to be measured; which 
may be done as they were in the present study, but this method is cumbersome. 
Simplification of equipment and procedures is in progress, as well as con- 
struction of ventilating assemblies which distribute the air more effectively 
than present types. 

It is our privilege to acknowledge the guidance and encouragement so freely given us 
by Lt. Col. A. P. Gagge and Dr. J. W. Heim; and to own our indebtedness to Capt. R. B. 
Dorn, Miss Patricia A. Taylor and Lt. E. R. Pullis. 
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Control of Blood Flow to the Extremities 
at Low Ambient Temperatures 

S. I. RAPAPORTJ, E. S. FETCHER, H. G. SHAUB, and J. F. 
HALL. From the Aero Medical Laboratory, Wright-Pallerson Air 
Force Base, Dayton, Ohio 


T 

JLhis study was undertaken to explore the extent of autonomic control 
of blood flow to the hands and feet. That is, to examine the question — is blood 
flow to the hands and feet at low ambient temperatures still regulated by 
the thermal state of the body as a whole, or is blood flow to the hands and 
feet determined by the known direct constricting effect of cold upon their 
blood vessels? Since the e.xperiments of Sir Thomas Lewis in 1931 (i) there has 
been & growing understanding that vasodilatation may be produced in the 
extremities by heating other body areas. An intact sympathetic outflow to 
the extremity has been showm to be necessary for this reaction (1,2). Pickering 
(3) suggested that the vasodilatation is the response to the circulation of 
warmed blood through the central nervous system, since it does not occur when 
the part heated is small or its circulation occluded. These observations have 
been confirmed repeatedly (4, 5). Recently, Miller has been able to prevent 
freezing of the rabbit’s ear for two hours at — 55‘’F- by warming the animal’s 
body (6). The e.xperiments reported herein reveal that a similar protection is 
available to the extremities of man. Inversely, Ferris and his co-workers (7) in 
particular have demonstrated that when the body is cooled, heating only the 
hand will not increase its blood flow over that of a non-heated hand. 

The experiments were planned to investigate these specific points: a) The 
effect upon hand and foot temperatures of variation of heat supplied to the 
rest of the body, b) The effect of warming the body upon the temperature of 
extremities which had become cold, c) The differences in the temperature re- 
sponses between the hands and feet, d) The effect upon hand temperature of 
a sudden increase in the cold stimulus applied to the hand when the body 
is warm. 


METHODS 

The main series of experiments was conducted at controlled ambient tem- 
peratures of about o, — 20 and —30° F. in a cold room. Four young adult males 
served as subjects. They sat quietly throughout the experiments. The duration 
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of the experiments was two hours or longer, unless there was rapid cooling of 
tlie extremities. The method of circulating air beneath clothing described in 
the preceding paper (8) made it possible to supply the body with as much oras 
little heat as was desired. It also permitted measurement of the rate at which 
heat was being supplied to the body, and of the rate at which heat 

should be supplied or removed to maintain thermal equilibrium of the man: 
the^ steady state heat surplus’ or Qa-' /t. A comparison of the two gave a quanti- 
tative evaluation of the thermal state of the body, within about lo Cal/hr. 
hlethods for the determination of these and other variables are outlined in 
the preceding paper and detailed in (9). The hands and feet received no arti- 
ficial heat, being sepatated from the ventilating circuit by air-tight wristlets 
and anklets. These parts were heated only from their blood supply. Therefore, 
changes in their temperature indicated alterations in their blood flow. The 
thermal stress upon the body and the thermal stress upon the hands and feet 
could be varied independently; the former by variation of the hot air supply, 
and the latter by variation of the ambient temperature and insulation. 

Average hand and average foot temperatures were measured by thermo- 
couples connected in parallel. Those for the hand were located upon the ball 
of the first, third, and fifth fingers, and the palm and dorsum of the hand. 
Those for the foot were placed upon the ball of the great toe, the heel, the 
dorsum of the foot at the base of the first and fifth toes, and the dorsum of the 
foot just below the lateral and medial malleoli. Heavy footgear (insulation 
equivalent to 2.6 do) and intermediate weight gloves (i.o equivalent do) 
were worn. In some experiments one glove was replaced with a rayon insert 
(0.25 do) and in others, one hand was bared. 

To extend the studies upon the fourth point, above, a supplementary 
series of experiments was performed in which the bare hand was put into a 
cold box. Each experiment consisted of two periods. In the first, the subject 
lay quietly in the nude at an ambient temperature of 65 to 74° F . for approxi- 
mately 45 minutes, or until toe temperature approached within about 5° F. of 
the ambient temperature. With the body so cooled, one hand was inserted in 
the cold box and average hand and finger tip temperatures recorded. In the 
second period, the body was overheated by the use of an electrically heated 
blanket. When the subject was sweating, and the temperature of the toe of the 
uncovered foot had risen from about room temperature to above 8g° F., the 
hand was again placed in the box and its temperature response followed. 


results 


Efeci upon Hand and Foot Temperatures of Variation of Seat Supplied 
to the Rest of the Body. In 16 experiments over the temperature range from 
o to -30° F., it was found, without exception, that when the heat supp 
eqLl to or greater than the amount necessary for thermal equilibrium, 
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the average temperature of the hands and feet was maintained above minimum 
comfort level (70° F.). But, whenever the heat loss exceeded the heat supply 
by more than about 15 per cent both the hands and feet became cold, an indi- 
cation of vasoconstriction. These experiments are summarized in table i. 
Experiments listed as A and B were performed consecutively upon the same 
subject. In this table. To is operative temperature. The values for AHj/i and 
Qff/l are corrected to a standard surface area, and, for reasons mentioned in 
the pre\nous paper, are for the body excluding the head. It is to be noted that 
the difference Q(r'/t — AHv/t is positive when there is an excess of heat sup- 
plied to the clothing, that is, when the body does not need to conserve heat; 
and negative when there is a net heat loss. The column headed '% Diff.' is 

calculated from TTTT. ^ 

Q(r /t 

The temperatures of the hands and feet in two experiments upon the same 
subject at 0° F. are shown in figure 
I, which illustrates the main fea- 
tures of the data of table i. In cx- 
perment 7-75, there was a net heat 
loss from the body of 72 Cal/hr. 

(41% of Q<t' I t). The hands and feet 
cooled rapidly;, wnthin 90 minutes 
hand temperature was 60® F. and 
the hands were painfully cold. Foot 
temperature dropped to approxi- 
mately 75° F, In cxpmmtni S-'pA, 
the heat supply equalled the heat 
loss. Average hand and foot tem- 
peratures were maintained above 
90° F. 

E^ecl of Warming the Body 
upon Cold Extremities. In four out 
of five experiments, extremities 
which had become cold could be 
re warmed by heating just the body. 

One of the four is illustrated by 
figure 2, the graph of an experiment at 0° F., in which no heat was supplied 
for 45 minutes. Average hand temperature fell to 61° F. (finger tip tempera- 
ture of 53° F.) and average foot temperature from 93 to 86° F. Heating was 
then begun, which reduced the net heat loss rate to 15 Cal/hr. Average hand 
temperature began to rise almost immediately and reached 90° F. within 55 
minutes. Average foot temperature, however, continued to fall to 75° F. After 
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Fig. I. Haito and foot temperattoes under 
conditions of thermal equilibrium and of high heat 
loss rate from the body. (Glove of i.o equivalent 
do, and 2.6 equivalent do boot.) 
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85 minutes, and concomitant with a reduction in the net heat loss rate to 6 
v^al/hr., the average foot temperature began to rise and was 89° F. when the 
experiment was terminated. In one experiment at -30° F. ambient, the hand 
did not rewarm in spite of a heat excess of 39 Cal/hr. supplied to the body. 

Difcrcnccs between Temperature Response of Hands and Feet. When the 
heat supplied to the system exceeded heat loss, both the hands and feet were 
kept within the comfort range, that is above 70° F. In general, however, the 
average temperature of the feet was lower than that of the hands despite the 
greater insulation of the footgear. The difference varied from about 5° F. 
{exper. S-p'A,ng. i; expers. g-g and g-10, table 1) to 10 or 20° F. (expers. S-jA, 
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Fig. 2. Effect of re warming the cooled body on hand and foot temperatures. 


5-27, and p-ry, table i). When the net heat loss from the system was large, 
both the hands and feet cooled ; but the rate of cooling of the hands was greater 
than that of the feet {exper. figs, i, 2). Since, in this circumstance, the 
blood vessels of both the hands and feet are constricted, the slower fall of foot 
temperature is the result of the heavier insulation of the footgear, and the 

smaller surface area per mass of the foot. 

During the latter part of an experiment (S-5) at 0° F. there was a small 
net heat loss which resulted in a fall of average foot temperature but not of 
average hand temperature. In period A (see table i), a, slight excess of heat 
was furnished; average hand temperature was maintained at about 90° I. 
and average foot temperature at about 82° F. In periods B and C, the heat 
supply was reduced so that deficits were 17 and 21 Cal/hr., respectively { ess 
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than 10% of Qo-'/O- Average hand temperature continued above 90° F., but 
average foot temperature fell to 65° F. in about 3-2- hours. 

\\Tien the body was heated after the extremities had been allowed to be- 
come cold, foot temperature continued to drop until the hands had completely 
rewarmed. Figure 2 shows an 85-minute lag between the initial rise in hand and 
foot temperatures. Only a very small part of this lag can be attributed to the 


TaBIX I. StTMMARY Or EXPERIMENTS SHOWING ErPECT OE VARIATION OF HEAT SUPPLIED 

TO BODY 


EXTEK. 

r. 

(*F.) 

Q a’/l - A n,'/l 

(CAL/n».) 

% onr. 

TEIITERATITSE STSPONSES OF HANDS AND FEET 

7 -iS 

— 1 

-72 

-41 

Hand temperature fell to 6o°F. in 90 min. 

Foot temperature fell to 7S°F. in 90 min. 

S-7A 

+3 

-3 

— I 

Hand and foot temperature kept above 90°F. 

8-7B 

+3 

-30 

-IS 

Hand temperature maintained above 8s°F. Gradual 
fall of foot temperature to 7S°F. in 2 hrs. 

7-29A 

-fl 

— 26 

-13 

Hand temperature fell to doT. in 60 min. 

Slow fall of foot temperature to 79‘’F. 

7-29B 

-f-I 

-41 

— 30 

Electrical heating of hands necessary. Gradual fall of 
foot temperature to 6o°F. in 2j hrs. 

8-sA 

-f 3 

-F20 

-t-IO 

Hand temperature kept at 90°F., foot temperature, 
above 8o'’F. 

10-21 

+4 

-i-io 

- 1-6 

Hand and foot temperature kept above 85°F. 

7-31 

+4 

+35 

+11 

Hand and foot temperature kept at approx. 87°F. 

8-14 

-17 

+ 4 = 

+ j 6 

Hand and foot temperature kept at approx. 85°F. 

8-25 

-19 

+38 

-frr 

Hand temperature kept at about 8o°F., foot tempera- 
ture, at about 82^. 

8-2 7 A 

— 20 

-S2 

— 20 

Hand temperature fell to 64‘’F. in 25 min.; foot tem- 
perature, to 78'’F. 

8-27B 

— 21 

-f 10 

-i-s 

Hand temperature rose to 9 o'’F., foot temperature kept 
at about 70° F. 

9-9 

-31 

-v-33 

- 1-13 

Hand temperature kept above po^F., foot tempera- 
ture, above Ss'F. 

9-10 

-31 

-Fi 9 

-1-7 

Hand and foot temperature kept between 84-9o'’F. 

9-17 

-31 

+32 

-j-I2 

Hand temperature kept above 9o°F., foot tempera- 
ture, about 7 o'’F. 

1 1-4 

-31 

+13 

-FS 

Hand and foot temperature kept above 8s°F. 


greater heat capacity of the footgear: about one Calorie is required to rewarm 
the boot. 

Effect of a Sudden Increase in Cold Stimulus Applied to the Hand. The 
effect of a sudden increase in the cold stimulus applied to the hand when the 
body was warm was observed in 10 experiments by removing one glove within 
a cold room, and in 9 more by inserting a bare hand into a cold box while the 
body was heated. The former are summarized in table 2. In most of these, 
the assembly received slightly more heat (10 to 38 Cal/hr.) than was calculated 
as being lost. In several, a thin rayon insert was substituted for the glove. 
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but in others the hand was bare. There were three experiments fnes 
p-ro, and first period) in which the temperature of the hand fell raoMW 
pumng termination within so nnnutes. Hoover, in subsequent 
the same subjects, hand temperatures were maintained at ’or above 70“ / 

o?std“Z ^ “ 

Hand temperature fell to about 55" F. when the glove was removed in 
eipenyits 10-28, and was maintained there for 60 minutes. It was then dis- 
covered that the tube supplying air to the trunk was disconnected. After it 
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EFFECT UPOK average HAND TEMFERATORE 

JO-ZZ 

m 

Hand bare 

-|-io 

Initial fall to 73° F., then rise to 85" F, 
for 50 min. 

10-27 

m 

Hand bare 

-8 

Maintained between 70 and 80° F. for 
95 min. 

10-28 . 

m 

Hand bare 


Fell to 55° F. for 60 min. but rose to 78" 
F. when heat to body increased. 

8-25 1 

-20 1 

J 

Hand bare j 

+38 

Rapid fall, hand painfully cold after 
' min. 

8-2 7 

— 20 

Jlaj'on insert 

-fro 

Fell to 60° F. in 15 min., then rose to 
above 70® F. /or^omw. 

9-9 

-30 

Rayon insert 

+33 

Maintained atabout 8j°F. for 50 min. 

9-10 

-30 

Rayon insert 

-i-19 

Fell within 10 min. to 40 and 47° F., 
respectively on two trials, but each 
time returned to above 83° F. when 
glove replaced. 

9-17 

-30 

Rayon insert 

+32 

Fell on first trial to 50°F. within 20 min. 
Maintained between 70 and 80° F. for 
50 min. on second trial. 

10-30 

“30 

Hand bare 

—20 

Maintained between 77 and 84.° F. for 
60 min. 

11-4 

-30 

Hand bare 

+13 

Maintained at about 70° F. for 60 min. 


was reconnected, hand temperature rose to 78° F. in 22 minutes. In the re- 
maining experiments, the temperature of the exposed hand was maintained 
above 70° F. for an experimental period of from 45 to 95 minutes. Two experi- 
ments at -30° F. are illustrated in figure 3. In both instances the temperature 
of the bare hand was maintained above 70° F. for do minutes, and the exposure 
probably could have continued. 

Data from the experiments in which, the bare hand was placed in a cold 
box are presented in table 3. The temperature of the box air, Ta , was 0 F. in 
the first three experiments, and —30° F. in the others. Both average hand and 
fingertip temperatures were measured, but only the temperature of the tip 
of the fifth finger, , is given in the table. In that part of the experiment in 

' / / / XT) 
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which the hand rapidl}'^ became cold, Tf^ was usually about 10° F. below average 
hand temperature at the end of the exposure. V^Tien the body was heated and 
hand temperature maintained at comfort level, T/s was generally about 5° F. 
higher tlian average hand temperature. However, on occasions, the difference 
was as little as i or 2° F.,’or as much as 10° F. The time given in tlie table is 
minutes of e.\-posure. The temperature given at zero minutes was measured just 
before the hand was placed in the box. 

With the box at 0° F. and the body cooled, finger temperatures fell to 
about 40° F., and the hand was painfully cold, ufithin six minutes. With the 
box at —30° F., the duration of e.\'posure with the body cooled was reduced 
to two to four minutes. (In one experiment in which the body was only slightly 
chilled the duration of exposure was 13 minutes). In contrast, when the body 
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Fig. 3. The bare haot is kept wann at — 3o'’F. if the body is warm. 

was heated in the three experiments at 0° F., finger tip temperatures were sus- 
tained above 70° F. throughout an experimental period of 40 to 60 minutes. 
WTien the hand was placed in the box at —30° F. with the body heated, finger 
tip temperatures were maintained above 70° F. for 30 to 60 minutes in five 
experiments. In a first trial upon S.F., the hand had to be removed from the 
box after 10 minutes. In a second trial, begun a few minutes later, finger tip 
temperatures were maintained at comfort level for fifty minutes. At the end 
of that time, however, the hand again became cold. In an experiment upon 
H.S., skin temperatures were maintained for 30 minutes and then suddenly 
began to fall. In the remaining experiments there was nothing to indicate that 
the exposure could not have been continued. The experiment upon G.H. is 
worthy of comment in that at —30° F. finger temperature rose to 98° F. and 
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was maintained at that level. As the hand was withdrawn from the box it 
was noted to be actively sweating. In general, the hand remained comfortable 
m the box at -30° F. whenever finger-tip temperatures were above 70° F.- 
but occasionally a subject complained of coldness of the skin overlying the 
knuckles or along the sides of the hand. 

jDXSCUSSrON 

These experiments dearly demonstrate that, at least to -30° F., regulation 
of the blood fiow to the hands and feet is primarily determined by the thermal 
state of the body as a whole. Vasoconstriction need not occur provided the body 
does not have to conserve heat. Under conditions comparable to these experi- 
ments, artificial heating of the hands and feet is unnecessary; they irill be 
adequately heated by their blood supply. However, the supply of a quantity of 
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heat which is large but still not equal to that being lost was usually as in- 
effective in preventing vasoconstriction and subsequent cooling as the failure 
to supply any heat at all. Thus, the hands and feet became cold in those experi- 
ments in which there was a net heat loss of greater than about 15 per cent. 
This observation is confirmed by the example of the electrically heated flying 
suit, in which failure of the power supply to a glove or boot insert will result 
in rapid cooling of the affected extremity despite the considerable amount of 
heat being supplied to the rest of the body . It would appear that cooling of 
the extremities may be used as an indication in many conditions that the 
amount of heat available is insufficient, that is, that the body is attempting 
to conserve heat. 

The experiments in which the extremities were rewarmed demonstrate 
that adequate heating of the body not only can prevent peripheral vasocon- 
striction, but often can reopen constricted vessels in cold extremities. After 
a fall to 55 to 60® F., hand temperature may return to control level m 20 to 50 
minutes. No satisfactory explanation can be offered for the failure of the ex- 
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trcmities to rewarm in one experiment. It emphasizes the need for further 
study. It would also be desirable to know if the extremities could be rewarmed 
by this method after they had been allowed to cool to temperatures just above 
freezing. 

It is a common e.xperience for the feet to feel cold while other body areas 
are comfortable. The data of Roth, Horton, and Sheard (10) demonstrate that 
the temperature of the toes is the first to drop when the nearly nude body starts 
to cool and the last to rise when it is warmed. The differences in the tempera- 
ture response between the hands and feet in our e.xperiments are in agreement 
with this observation. In the rewarming e.xperiments, average foot tempera- 
tures continued to fall until hand temperatures had returned to normal. 

That the temperature of the bare hand at —30° F. was sustained above 
70° F. is striking evndence that the vasoconstrictive effect of severe cold is sub- 
ordinate to the autonomic control of blood flow in the hand. This is not to 
say that the cold stimulus is without effect. Hand temperature invariably fell 
5 to 25° F. when the glove was removed or the band inserted into the cold box. 
The hand did not show the deepening of color and reddening, which is usually 
seen when skin is e.xposed to cold. The reason for the failure of the hand tem- 
perature to stabilize in three experiments in the cold room and in one cold box 
experiment is not known. In two of these experiments, the temperature of a 
finger on the opposite hand, the one which had remained gloved, also dropped 
sharply (from 88° F. to 65° F. in one experiment and from 90° F. to 58° F. in 
the other). It is our impression that tenseness or anxiety about the e.xperi- 
mental procedure contributed to the vasoconstriction. That emotions of this 
nature may be accompanied by peripheral vasoconstriction is generally recog- 
nized. Of practical importance was the fact that replacement of the glove 
brought about a prompt return of hand temperature to comfort level. Increased 
air movement and contact with solids have not been considered; these factors 
would increase the rate of heat removal from the hand. 

The experiments in which the glove was removed in the cold room differed 
from the cold box experiments in one important respect. In the former there 
was little or no heat excess supplied to the body; in the latter, there was definite 
overheating and considerable sweating. The fact that hand temperatures were 
sustained in both circumstances indicates that overheating is not essential to 
sustain blood flow through the non-heated extremity at temperatures dpwn 
to -30° F. 

The purport of these results is that the temperature of the extremities can 
be made nearly independent of the ambient temperature and of insulation over 
a wide range; and dependent primarily upon the thermal state of the body as 
a whole. The practical implications are many. For example, most electrically 
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heated clothing supplies large amounts of heat to the hands and feet. Rela- 
tively more of the heat is wasted from these areas than from the trunk and 
Jimbs because of the lesser insulation of the gloves and boots, and the position 
of the heating elements. Transfer of this heat to the trunk and limbs might 
make stjch clothing more efficient, cheaper to manufacture, and more durable. 
The importance of keeping the whole body warm in the prevention of frostbite 
is readily apparent. These results also emphasize the importance of supplying 
heat to the whole body, rather than to the affected part alone, in the relief of 
the vasospasm associated with most peripheral vascular disorders. 

Attempts to induce rapid adaptations or modifications of human physi- 
ology to meet high environmental stresses have been generally unsuccessful. 
The observation that extremity temperature can be made relatively inde- 
pendent of the environmental temperature does offer the possibility of practical 
control of a physiological response. Many problems, theoretical and practical, 
remain to be solved. Among the more important are a) "the analysis of the 
mechanisms; 6) tlie extent of individual variation; c) the relative importance of 
thermal level as compared with the rate and direction of thermal state change; 
and d) the establishment of the lower limits of control. 

CONCLUSIONS 

The regulation of blood flow to the extremities at low ambient tempera, 
tures is primarily determined by the thermal state of the body as a whole. 
Experiments in which the bare hand was exposed to temperatures of 
o to ~ 30° F, dearly demonstrate that the vasoconstrictive effect of severe cold 
is subordinate to the autonomic control of blood flow in the extremities, since 
hand skin temperature could be sustained above 70° F. 

Therefore, the temperature of the extremities can be made nearly inde- 
pendent of the ambient temperature and of insulation, over a wide temperature 
range ; and dependent primarily upon the thermal state of the rest of the body. 
Under conditions comparable to these experiments, artificial application of 
heat to the extremities is unnecessary for their comfort. 

It is our privilege to acknowledge the guidance and encouragement so freely given us by 
Lt. Col. A. P. Gagge and Dr. J. W. Heim; and to own our indebtedness to Capt. R. B. Dorn, 
Miss Patricia Taylor and Lt. E. R. Pullis. 
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Quavtitatmi of the Output of Individual Sweat Glands 
am Thetr Response to Stimulation^ 


WALTER C. RANDALL and WARREN McCLURE. From Ihi 
Dcparinmil of Physiology, Si. Louis University School of Medicim 
Si. Louis, Missouri ' 


T armtions in sweating RATES OR different parts of the body have been 
observed frequently (1-4) and variations in the numerical distribution of sweat 
glands over the surface of the body are well known (5, 6), Quantitative informa- 
tion concerning the output of individual glands is lacking^ yet such information 
holds significance in attaining a better understanding of how the functional 
units operate in sweating responses. Among the reasons that the precise nature 
of the sweating response remains obscure is that it has not been possible to 
differentiate between those responses in which greater numbers of glands are 
activated from those in which glands already functioning simply react with 
greater frequency or intensity. Randall (7) suggested the inference based upon 
experience with the iodine-starch-paper technique that the first sweating 
response of a large area of the body to heat was an increase in the number of 
active glands, each discharging a relatively small amount of sweat. As the 
heating continued, increasing size of the sweat spots on the starch paper gave 
qualitative indications of a secondary increase in sweating based upon greater 
output by the individual glands. 

Simultaneous observations upon the number of active glands and the 
quantitative output of sweat from the same area should furnish a more critical 
evaluation of the manner in which the sweating mechanism responds to 
stimulation. Accordingly, areas were chosen in which the numerical distribution 
was found to be quite constant, and this area subdivided so that sweat could 
be collected from one part while continuous counts were made on an immediately 
adjacent part. Estimations could then be made of the output of what might be 
called an ‘average’ or ‘typical’ sweat gland for that particular area. 


METHODS 

For the collection of sweat, small metal capsules were prepared as illus- 
trated in figure i. In addition to the blotter disc illustrated, a second disc of 
absorbent paper was cut to fit precisely into the capsule and the complete unit 
covered by a small glass plate. This unit could be heated in an oven and stored 
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in a CaCl2 desiccator flask. Immediately before use, the capsule, including the 
glass plate and discs of absorbent paper were weighed on a precision cliain-o- 
raatic balance. The glass cover and outer disc of absorbent paper were quickly 
removed and stored in the desiccator while the capsule was inverted and taped 
firmly over the test area. Sweat counts, using a method previously described 
(6) were started immediately. At the end of a suitable test period (usually about 
lo minutes) the capsule was removed and the blotter disc from the desiccator 
applied over the test area to pick up any unabsorbed sweat. The change in 
weight of the capsule and absorbent paper was carefully observed. Blank 
capsules were run simultaneously wth each set of e.xperimcnts in order to 
correct for errors induced b}’’ variations in environmental temperature and 
humidity. 

Checks to determine the efficiency of this technique for the quantitative 
collection of water were made by placing the capsules over a small weighed 

Fig. I. Small metal capsule shown in- 
verted over skin during collection of sweat. 

.•Vn additional blotter disc and small glass 
cover are stored in CaCI; desiccator during 
period of collection, the blotter disc tlicn being 
applied over test area to take up any mois- 
ture not absorbed by the capsule. 


droplet of water for comparable periods of time, and it was found that an 
average of 96 per cent of the water was collected. Comparison of our data on 
sweating with that derived from the accurate method of Burch and Sodeman 
indicates reasonable correspondence. The consistently higher values in our 
data are undoubtedly e.vplained by the consistently higher wet and dry 
bulb temperatures in our experiments. 

RESULTS 

It has been shown that while a subject is resting quietly in a warm environ- 
ment, normal sweating responses consist of cyclic discharges by larger and 
smaller numbers of sweat glands (7). During several successive cycles, certain 
glands may be repetitively active while others are only occasionally active. 
That is, there may be considerable alternation among the glands of a given 
region during any one or any series of cycles. The expression of output in terms 
of mg/min. therefore may give a somewhat misleading impression of the manner 
of function of the individual glands, but technical limitations make more 
precise expression diflicult at the present time. Although direct cannulation of 
the sweat pores by fine capillary tubing introduces a relatively large mechanical 
obstacle to the outflow of sweat, this technique in the hands of Takahara 
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(as described by Kuno, i) Jias demonstrated that from .003 to .005 mg of fluid 
js discharged during a period of x. to 30 seconds when a palmar sweat gS 
becomes active. It should be recognized therefore that the minute output of 

many glands m a given area may vary considerably from the values cdcaW 
for the ‘average gland. 


Simultaneously recorded cycles of sweating from three areas of the uom. 
ally sweating upper e.'ctremity are shown in figure 2. Also shown are the amounts 
o secretion collected on each of the three areas during this period of recording, 
it is immediately evident in this experiment that sweating progressively 





TIME IN minutes 


Fig. 2. Graph iliustrating sritGi.TANEOiTs recording of sweat spots from three areas of the 
upper extremity, together with a representation of the quantitative collection of sweat during this 
period. 


decreased from the distal to the more proximal regions of the arm, difierences 
being prominent both in the number of functional glands and in the quantity 
of sweat secreted. It should be noted here that our experience was consistent 
concerning this gradient in sweating on the upper extremities, and therefore 
represents a failure to confirm the report of Weiner on this point, Palmar sweat- 
ing was omitted from these comparisons because psychic factors limit the con- 
sistency of results in. this area and because the palmar sweat glands are known 
to be of lesser importance in thermal sweating. It has been our experience, 
however, that the palmar surfaces are capable of sweat outputs considerafa y 
in excess of all other surfaces of the arm. 
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Calculations derived from the expression: 

mg. sweat secreted/sq.cm/min. 
av. number functional glands/sq.cm/min. 

show the average output of the individual glands of the upper arm and forearm 
in figure 2 to be .0033 and .0035 mg/min. respectively. Similar calculations from 
data on the dorsum of the hand, however, show that the number of active 
glands is disproportionately high as compared with the total sweat output, 
so that the output of individual glands in this area was only .0020 mg/min. 

Similar observations were made on the lower extremities and are summar- 
ized in tlie comparative data in table i. During these experiments dry bulb 
temperatures -were consistently high (82 to 92° F.) while the relative humidity 
showed variation (35 to 80 per cent) from experiment to experiment but was 
generally high. The data show that the output of the average gland is compar- 
able on the arms and legs, and that although it is comparable on the dorsal 
surfaces of the hand and foot it is significantly lower on these areas than on th'fe 
arm and leg. These quantitative calculations are confirmed qualitatively by the 
appearance of the sweat spots on the starch paper records. The sweat spots on 
the dorsal surfaces of the hand and foot are small but relatively numerous 
whereas the spots on the arm and leg are larger but less numerous. 

\\Tiether these differences in output are due to morphological or functional 
variations is not known, but similar studies carried out under conditions of 
maximal or nearly maximal sweating should give indication as to which of these 
factors limits the output. Therefore it was decided to compare the outputs of 
these glands when directly stimulated by cholinergic drugs. Mecholyl (acetyl- 
beta-methykholine)- was forced into the skin by the process of ion transfer at a 
current density of approximately 0.07 ma/sq.cm. The results of these experi- 
ments are sunamarized in table i. It is apparent that increases of 50 to 150 per 
cent occurred both in number of functional glands and in sweat output. The 
same gradient in numbers of glands and in output of sweat is observed from the 
dorsum of the hand to the upper arm but this difference in distribution and 
output is not as apparent on the lower extremity. Attention is directed to the 
particularly large output of the glands on the leg, since this may contribute very 
significantly to the large part played by this area in evaporative heat losses. 
Calculations of output for the individual glands, however, show much the same 
relative differences between the dorsal surfaces of the hand and foot and the 
arm and leg. It is perhaps significant here that even the higher extremes in the 
range of values on the hand and foot do not overlap significantly the lower 
extremes in the range of values on the arm and leg. Although it must be 

* Mecholyl furnished through courtesy of Mr. A. W. Veazey of Merck and Company. 
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admitted that tliis evidence is indirect, it appears that morphological limita- 
tions arc the important factors in limiting the secretion per minute by the 
glands on different regions of the body. It is well known, of course, that such 
morphological differences do exist as illustrated by the histological comparisons 
of Way and Memmesheimer (8). These authors found variations in diameters 
of so-called small, medium and large glands from loo microns to i mm. or more. 

In order to study the responses of the sweating mechanism to such normal 


Table i 


NOEU/a S^VEATINO IN WABU 
ENVniONMENT 


SWEATING DtlSINO illlD EXESdSE SWEATING AFIES itECHOlYl 


Sweat 

Collected 


mg/s'}- 

m.lmn. 


No. 

Active 

Sweat 

Glands 


/ Sweat 
Collected 


Av. 

cSd 


mg/mitt. 


mg/st. 

cm./tnin. 


Upper arm 


Forearm 


Dorsum 

hand 

Thigh 


( 10 - 41 ) i-ooig- 
•ooSS) 


Dorsum' 
• foot 


.176 41 .0043 

(. 04 - (S-S 7 ) (- 002 - 

. 25 } -^ 13 ) 

.308 99 .0031 

(. 04 - (s-iso) (.ooi- 

, 37 ) 

,160 38 .0040 

(. 05 - ( 8 - 66 ) (.oor- 

. 20 ) -ooO) 

.195 47 .0042 

(. 14 - ( 6 - 82 ) (. 002 - 

.' 22 ) . 009 ) 

.193 93 . 0021 

(.i8t (42-141) (- 001 - 


63 .0033 

( 23 - 85 ) (. 001 - 
. 005 ) 


(. 13 - ( 27 - 110 ) (. 001 - 


(. 09 - ( 23 - 235 ) (. 001 - 


mg/sg. 

cm./min. 


mglmin. 

,0067 
(. 004 - 
; . 009 ) 

! ,0067 
j (.004- 
. 008 ) 
.0044 
(. 002 - 

. 005 ) 

.0071 
(. 004 - 
. 008 ) 
.0108 
(.006- 
.017) 
,0031 
(. 002 - 
I . 0037 ) 


closed in parentheses represent the range of values, 
requirements for increased 

simple weight-lifting device was f legs while sweating 

could do a smaU, measured amount of work X, sidles were carried out 

responses were studied on the upper - dialed with relatively 

in a room sufficiently warm that increase in sweat gl^^^ 

little muscular exertion. Under sue cir occurs a prompt 
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entirely due to an increase in number of glands with little or no increase in 
output by the separate glands. Indeed, in most of the observations there was 
evidence that the calculated output per gland was slightly reduced. 

The interesting question immediately arises as to how, in the presence of 
active sweating in a given area, still greater sweating may be brought about. 
It is well known that increased sweating follows exposure of the body to high 
environmental temperatures or partial immersion in hot water baths. The 
outbreak of sweat is generalized over the body surface and is more profuse with 
longer exposures or higher environmental temperatures. On the basis of qualita- 
tive experiments carried out in hot water bath experiments, it was suggested 


Table a 


rOKCAUl 

tniE 

U0.SW/CM*/M1}«. 

AV, XO. SW. j 
SPOTS I 

AV. oirrptrr/ctAin) 

Subject iLl 

o-xoth min. 

In ‘ivater b 
20tb-3Sth min. 

35th-38th min. 

.08s 

ath (44° C.) at end 

.343 

1.713 

31 

' of 15th imituU 
Si I 

17s 

.0027 — control sweating 

.0042 — initial response to 
heating 

.0098 — delayed response to 
heating 

Subject CA 

Bath Icmperalu: 

re gradually elevate 
.613 

1.082 

1.342 

’dfrom zs^ to ^ 
112 

ns 

104 1 

t£°C. 

.0054 — initial response to 
heating 

.0094 — progressive re- 

sponse 

.0129 — delayed response 


Sweating responses to exposure of body to heat by partial immersion in hot water bath. 


that the first response of the sweating mechanism is to increase the number 
of functioning glands, but if the resultant increase in heat loss is insufficient to 
meet demands of body temperature regulation, the individual glands are able 
to increase output. Table 2 illustrates two types of such responses on the fore- 
arm. At the end of a preliminary control period in a warm room (o to 10 min. 
in the table) subject RA sat with legs and thighs immersed in a hot water bath 
(44-45® C.). Sweating was immediately diminished for a period of two and one 
half minutes, after which a large number of small sweat spots appeared on the 
starch paper records. This preliminary inhibition of sweating was observed 
several times on both forearm and palmar surfaces. It apparently represents an 
inhibitory reaction on the part of the sweating mechanism to such massive 
sensory discharges from the cutaneous receptors. Following the preliminary 
inhibition a sample of sweat was collected (20th to 25th minute in the table) 
together with sweat pore counts. An increase, both in number of functional 
glands and in total sweat output, was observed. Calculation of the output of 
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50 per cent whexoas Acre was a stanltanaous increase of about rbj per 

the number of unct.onal glands. As the exposure conUnued, the total 

o sweat showed further marked increase. During this period, while the numb 

of glands showed further increase of about 115 per cent, the calculated onto! 

per gland showed an additional increase of about 135 per cent. Thus it appears 

that there occurred both an increase in number of glands and in output pet 

gland during both the initial response and during the delayed response, but the 

initial response was predominately one of numbers of glands while the delayed 

response showed some predominance in output per gland. 

In a second type of response where relatively high secretoiy levels were 

evident at the beginning of the exposure (both in number of active glands and in 

ejuantity of sweat secreted), continued exposure to the high bath temperature 

induced further increase of sweat output with no further increase in numbers 

of functional glands (subject CA, table 2), One might safely assume that 

approximately the maximum number of functional glands in the area were 

active. In this type of response the increase in total volume of sweat output 

therefore appears to be related predominately to an increased output by glands 

which are already functioning. 


DISCUSSIO^T 


This method of estimating individual gland output admittedly neglects 
the fluid loss from the test area by simple diffusion, together with possible fluid 
leakage through the walls of the sweat ducts in the stratum corneum. As yet we 
have not been able to ascertain precisely how large a fraction of the total secre- 
tion this represents. Since estimation of the so-called ‘insensible perspiration’ as 
found in the literature may or may not include participation of hitherto 
undetected functioning sweat glands, it is difficult to make appropriate correc- 
tions for this avenue of fluid loss. According to Kuno, physical passage of water 
through the epidermis does occur, but except for palmar and plantar surfaces 
its rate is small and fairly uniform over the body surface. Burch and Winsor 
(9) have shown that water loss by diffusion through dead skin and through 
non-sweating living skin is approximately 0,1 mg/sq.cm/min, on the epigastric 
surface. If these figures could be transferred directly to the skin of the arm and 
leg, it is evident that the control values in our data would be necessarily lower. 
In the complete absence of sweat spots on these surfaces however, we have not 
observed losses attributable to diffusion alone as high as those indicated m the 
experiments of Burch and Winsor. There may be different rates of loss by 
diffusion from different surfaces, particularly from the palmar, plantar, and 
forehead regions. Our data in these studies however are incomplete at the 


present time. . . , 

The experiments reported in this paper suggest that the maximum min t 
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output of an individual sweat gland is considerably greater than that which may 
be observ'ed in the usual moderate sweating responses. It is also apparent that 
the sweating mechanism may respond to additional needs for evaporative heat 
loss by increases in the number of functioning glands, in increased output per 
gland or in a combination of these two responses. It is believed that the initial 
response is usuall)' one of increased numbers of actively secreting glands. Since 
the sweat glands on the arm (and probably those on other body surfaces as well) 
normally discharge periodically rather than continuously, the increase in 
glandular output may be explained by assuming more frequent discharges per 
minute or an absolute increase in quantity of sweat poured onto the skin 
surface during each discharge. Either response would result in an increase in 
minute output per gland. 

It is not known precisely how the nervous system controls the secretory 
activity of the sweat glands. Additional glands are undoubtedly brought into 
action by the participation of larger numbers of sudomotor fibers, and this 
might well be the initial response of the heat regulatory mechanism in meeting 
demands for greater heat dissipation. Then if this response proves inadequate to 
meet the demands for heat loss, one might imagine an increase in frequency of 
impulses over these same pathways resulting in more frequent discharges by 
the innervated sweat glands. Such reasoning might presuppose that any single 
discharge of sweat is more or less fixed and constant for a given gland, and any 
increase in minute output be related to variations in frequencies of discharge. 
It remans possible however that a given gland and duct lumen may be more 
completely emptied under conditions of greater stimulation and thus show 
larger quantity of sweat poured out onto the surface during a single discharge. 
There is some evidence that the secretory portions of the glands are supplied 
with nerve endings, and the production of greater quantities of secretion 
coincident with excessive stimulation is therefore plausible. 

SUMMARY 

A technique for the estimation of output of individual sweat glands is 
described and discussed. 

Calculations of output of sweat glands on the arm and leg show greater 
average values on these areas than on the dorsal surfaces of the hand and foot. 
Similar differences were observed when the glands were stimulated by the 
introduction of mecholyl into the skin by ion transfer. 

The excitation of the sweating mechanism by mild muscular exercise is 
marked chiefly by an increase in number of functional sweat glands with little 
or no increase in output per gland. Upon more severe stimulation such as 
accompanies partial immersion in hot water, an increased number of functional 
glands may be supplemented by increased output per gland in a given period 
of time. The possible ways in which this could be accomplished are discussed. 
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Venom Vriisnre and Cutaneous Reactive Hyperemia in 
Exhausting Exercise and Certain Other 
Circulatory Stresses' 
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T 

JLt is duticult to assess the functional significance of the elevations of 
venous pressure reported in patients with cardiac failure, at rest or during 
exercise, partly because published results do not agree concerning the effects 
of exercise on the venous pressure of normal subjects (1-4), and partly because 
the relations between venous pressure, compensatory vasoconstriction, tachy- 
cardia and pulmonary ventilation have not been studied together in normal 
subjects. It has been suggested on the basis of e.xperiments on dogs (5) that a 
sudden rise of systemic venous pressure may considerably reduce 'effective’ and 
absolute blood volume respectively, a) because the distended veins and venules 
may then contain a greater fraction of the circulating blood than usual and b) 
because filtration is increased, and absorption decreased, over large areas of 
capillary bed. Loss of fluid from the blood stream by filtration from all areas 
with high venous pressure will be cumulative and added to the well-known 
filtration which occurs in exercising muscle itself (6). The collective effect on 
blood volume may be considerable, to judge from calculations based on earlier 
plethysmographic observations (5). Moreover, an elevation of venous pressure 
by as little as 5 mm. H2O produces definite increase of capillary filtration in 
the perfused limb (7) and, other factors remaining constant, the balance be- 
tween filtration and absorption is 5 to 10 times more sensitive to changes of 
venous pressure than to changes of arterial pressure. Hence, any sudden rise 
of venous pressure may have considerable effect on available blood volume. 

In normal subjects renal blood flow decreases during moderate exercise 
(8, 9). While a brief neurogenic vasoconstriction in the digits early in exercise 
has been described (10), nothing is known concerning the reactions of the cu- 
taneous vessels late in exhausting exercise, or in areas other than the digits. 
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Volume i 

^ This paper describes a) the effects of graded treadmill exercise on 
penpheral venous pressure of normal subjects, b) the appearance of vasocon- 
stnction in the skin of the forearm (measured by reactive hyperemia) as ex- 
austion approached and c) the relations of these changes to the increased heart 
rate and pulmonary ventilation of exercise. In contrast, certain less acute cir- 
culatory stresses were accompanied by less or no change of reactive hyperemia 
in the skin of the forearm. 


METHODS 

Normal, fasting (S to 12 hours) male subjects, ranging in age from 20 to 
45 ^ years, and clothed only in shorts were given graded exercise on a motor- 
driven treadmill for consecutive lo-minute periods at speeds ranging from 1.5 
to 3.0 miles per hour and grades varying from o to 10°, Room temperature 
ranged from 24° to 27® C. 

Venous pressure (mm. saline) was measured directly in a vein of the left 
forearm or hand using heparinized saline. The zero point of the manometer 
was set at the level of the xiphoid process, and the chosen vein was also kept 
in this plane by raising or lowering an adjustable support on which the forearm 
and hand rested. When walking on a grade, subjects tend to lean forward. 
Hence, to compensate for the downward shift of the heart, several lines were 
drawn from the xiphoid which were parallel to the floor when the subject was 
exercising at various grades. At each grade the zero point of the manometer 
could then be shifted to correct for this change in posture. With this precaution 
the venous pressure, as measured in the arm, did not change with mere tilting 
of the body. 

Local cutaneous reactive hyperemia (ii) was measured in the middle 
of the volar surface of the elevated right forearm according to the modified 
technique of Greenwood ei al. (12) using a weighted plastic ring to occlude the 
skin vessels. 'Threshold’ is the least duration of application of the ring (in 
seconds) required to produce the complete hyperemic circle having a width 
equal to the surface of the ring. ‘Clearing time’ is the time (in seconds) for the 
complete disappearance of that reactive hyperemia which has been produced 
by an occlusion of threshold duration. The forearm was elevated to exclude 
artefacts from changes in venous pressure. Temperature and venous pressure 
remaining constant, an increase in threshold and clearing time indicates an 
increase in the tone of the minute vessels of the skin (12) and a decrease in 

threshold and clearing time, a decrease in tone. 

Skin temperatures were recorded every 10 seconds from a) the forehead, 
b) the forearm near the site where reactive hyperemia was measured, and c) 
the pulp of a finger of the left hand. The soldered iron-constantan junctions 
were secured to the skin by collodion. To lessen the effect of evaporative cool- 
ing, the thermal junctions were covered by a piece of thin rubber dam ranging 
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in size from i cm. square on tlie digits to 4 cm. square on the forehead and 
forearm. Rectal temperature was recorded continuously by a Foxboro resist- 
ance thermometer. 

In some of the experiments the respiratory minute volume was measured 
by passing the expired air through a gas meter, while the respiratory rate was 



Fig. I. Chart showtoo representative treadmill experiment; effects of ejchausting work 
on venous pressure, heart rate, cutaneous reactive hyperemia, skin and rectal temperatures. 

recorded on a kymograph by a float on a manometer placed in the expira- 
tory line. 

OBSERVATIONS 

The results of a representative experiment are charted in figure i. After a 
30-minute preliminary rest period in the recumbent position, control observa- 
tions were recorded with the subject standing in position on the treadmill. 
The subject then walked for consecutive lo-minute periods (see bottom fig. i) 
at 1.5, 2.0, and 3.0 miles per hour on the level, followed by 3.0 miles per hour 
first at a 5° grade and then at 10®. In order to differentiate more clearly between 
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the results due to intensity of work and those due to its duration, the subject 
was returned to the level at 3.0 miles per hour for 10 minutes and then finally 
exercised at 3.0 miles per hour and 10° until the approach of exhaustion. The 
last lo-minute work period at 3.0 miles per hour on the level was included to 
reduce tlie incidence of postexercise syncope. Observations were ended with a 
10- to 30-minute period during which the subject stood at ease on the treadmill. 

In general, heart rate increased slightly as soon as walking began, but 
venous pressure, and the threshold and clearing times of reactive hyperemia 
increased veiy little until the subject began to walk on the grade. Heart rate 
and venous pressure generally rose about equally during the first and second 

Table i. ErrEcx or graded exercise on peripheral venous pressure 


DIFFERENCE (UM. SAUNE) EROlt VENOUS PRESSURE WHEN STANDINO AT REST 


SUBJECT 

Standing before 
exercise 

T .5 M.P.H. 
level 

J.0 M.P.H. 
level 

3.0 M.P.H. 
level 



3-0 M.P.H. 
level 

(2nd per.) 

3.0 M.P.H. ro” 
(2nd per.) 

3.0 M.P.H. 
level 
( 3 td per.) 

Standring after 
exercise 

ir.G. 

0 1 

— ro 

— ro 

— 20 

+ 25 

+50 

+ 15 

-f*8o 

+ 25 

0 

7.S 

0 

-5 

-s 

0, 

1 

+15 

+75 

+30 

+ rio 
(35 min.) 

+ 70 

+40 

Z.B.S 

0 

-s 

0 

+15 

+ 20 

+60 

+40 

+95 
(is min.) 

+6S 

+20 

R.A 

0 

+5 

4-20 

0 

+ 20 

+75 

+35 

+85 
(15 min.) 

+55| 

+15 

jR.W 

0 

-s 

4-10 

+20 

+55 

+90 

+65 

-}-8o 
(13 min.) 

+45 

+10 

B.Jlf 

0 

-30 

-25 

— 20 

+45 

+85 

+ 25 

-[-100 

+15 

0 

Average change in venous 








+91 

+46 

+14 

pressure 

Average heart rate (beats/ 

0 

— 10 

— 2 

— I 

+30 

+73 

+ 

min.) 

75 

73 

83 

93 

125 

181 

lioj 

200 

121 

103 


periods of exercise on the grade. In contrast, reactive hyperemia changed 
moderately but definitely during the first bout, but markedly during the second 
bout, as exhaustion approached. These effects wifi now be described in senes 

more quantitatively. 

Effect of Graded Exercise on Venous Pressure. In order to compare changes 
of venls pressure in a series of subjects, the figures have been expressed ,n 
terms of deviation from baseline values of venous pressure (mm sahnejo 
served during quiet standing. Table i s>^ariaes the ° J 

subjects The figures refer to the level of venous pressure at the end of each 

lo-miuute period (or at exhaustion) ^ compared 

With the onset of mild exercise (1.5 miles per hour on 
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pressure did not change significantly from that observed during quiet standing, 
although the average figures do show a slight decrease. At 2.0 and 3.0 miles 
per hour on the level, the venous pressure remained quite close to resting 
values wth a slight tendency to rise in some instances. The first significant 
and consistent rise in venous pressure occurred on the 5° grade at 3.0 miles per 
hour. This exercise, continued for 10 minutes, raised venous pressure by 15 to 
55 mm. saline above the control value. Ten minutes’ exercise at the same rate, 
but at a 10° grade elevated peripheral venous pressure by 50 to 90 mm., ac- 
companied by distension of the visible neck veins. In 25 observations carried 
to exhaustion, venous pressure rose 80 to 100 mm. of saline above control 
values, except in two instances where it rose above too mm. 

In agreement with Schneider and Collins (4) we found that the elevation 
of venous pressure was roughly proportional to the work intensity, and that the 
pressure did not drop abruptly at the end of exercise. Average venous pressure 
was also higher by 18 mm. saline during the second bout of 3 m.p.h. at 10° 
grade than during the first bout. After this latter period of severe exercise, the 
venous pressure fell slowly during the final 10 minutes at 3.0 miles per hour on 
the level and usually did not return to the resting value for 5 to 20 minutes, 
despite the pooling of blood in the lower extremities which accompanies quiet 
standing. 

Effect of Graded Exercise on Localized Cutaneous Reactive Hyperemia. 
The appearance and persistence of cutaneous reactive hyperemia (and hence 
the tone of the minute vessels) usually remained within control limits until 
heavy work was performed. Threshold and clearing times usually varied in the 
same direction, but, in agreement with Greenwood et al. (12), we found that 
the clearing times showed greater random fluctuations than did threshold. 
Therefore, it was impossible to attribute as much significance to single estima- 
tions of clearing time as to single determinations of threshold. 

A significant rise in threshold and clearing time occurred only on the 10° 
grade in most subjects (figs, i and 2, A, B and C). A more marked increase was 
usually observed at the approach of exhaustion during the second period at 
10°. Hence, the tone of the cutaneous vessels did not increase significantly in 
normal, healthy subjects until late in exercise. Figure 2D illustrates a more 
striking response in an older subject in poorer physical condition. Three minutes 
at 10° taxed this subject to the limit of his endurance and produced a 200 per 
cent rise in threshold and nearly 400 per cent in clearing time. 

The data on changes of reactive hyperemia during cumulative graded 
exercise are summarized in table 2. For purposes of comparison, three periods 
are considered. Bout A refers to the first period of exercise at 5° and 10° (total 
duration 20 min.).. Bout B refers to that initial part of the second period (dura- 
tion 15 min.) during which the work performed was equivalent in foot pounds 
to that previously done in Bout A . Bout C refers to the last part of the second 









Fig, 2. Charts showing eftects of exhausting work on threshold, clearing time, together 
with finger, forearm and rectal temperatures. 


the end of these three periods and are expressed in terms of percentage increase 
above control values obtained previously in the same subject during rest. The 
total work, in terms of foot pounds, is indicated in the last column of table 2. 
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Fig. 3. Chakges in cutaneous reactive hyperemia with e-tercise; summary of 17 experiments. 
=r = Standard error of the mean. X = Not a significant difference. S = A significant difference. 


Table 2. Changes in chttaneous REAcnVE hyperemia during graded exercise 


SUBJECT AS*D DATE 

TEBESnOtt) 

OXASIKO tiut; 

lOTAt V:OJLZ DOI^E 

Bout A 

BoutB 

Exhaus* 

tioR 

Bout 

C 

Bout A 

Bout B 

Exhaus- 

tion 

Bout 

C 

Bout A and 
Bout B 
(each) 

To 

Exhaustion 

Bouts 

A, B, C 


% <•«- 

%<v 

%in- 

%in- 

%<•«- 

% in- 


Pt. }hx 


creese 

crease 

crease 

crease 

crease 

crease 



/. 5 ., 11/15/46 

23 

79 

140 

27 

82 

82 

103,600 

253,100 

J^., 11/20/46 

IIS 

90 

200 

no 

7 S 

17s 

105,600 

281,600 

/-S., 12/3/46 

25 

61 

168 

0 

33 

93 

105,600 

281,600 

J^., 12/9/46* 

43 

43 

30s 

12 

60 

80 

105,600 

297,600 

/-S., 1/15/47 

0 

7 

97 

43 

21 

115 

105,600 

3 S 7 .fioo 

E.L, 12/16/46* 

200 

97 

200 

380 

83 

380 

71,800 

71,800 

L.S., 11/16/46 

36 

82 

ISO 

0 


100 

127,800 

363,800 

L.S., 11/18/46 

0 

0 

182 

0 

0 

27s 

127,800 

482 , 800 

L.S., ii/2$/46' 

185 

252 

252 

200 

300 

300 

127,800 

2SS.300 

L.S., 12/10/46*' • 

175 

27s 

27s 

190 

220 

220 

127,800 

22I13OO 

I.S., 1/16/47 

21 

67 

67 

20 

80 

80 

127,800 

253,600 

W.G., n/19/46 

80 


140 

38 

38 

173 

114,000 


W.G., il 22 'l^y^ 

100 

100 

100 

100 

66 

66 

114,000 

190,000 

R.K., 1/23/47 

48 

140 

140 

so 

200 

200 

103,500 

207,000 

W.S., 12/6/46 

84 

71 

no 

125 

I2S 

ISO 

124,400 

32 i» 40 o 

r.B.,t 1/23/46 

lio 

140 

200 

2 S 

7 S 

200 

110,200 

220,400 

F. 5 ., 12/4/46 

43 

43 

130 

38 

38 

100 

96,800 

268,000 

Average 

S8 

84 

168 

42 

81 

164 

113.S00 

270,200 

S.D.(±a) 

46 

62 

63 

40 

79 

87 

10,870 

75,500 

S.E. of mean f^F) 

12 

17 

IS 

n 

20 

21 

2,900 

20,200 


‘ Two hours after 500 cc. venesection. ® In these experiments the work done was less in Bout 
B, and hence, figures are excluded from the averages. ’ After a mild alcoholic celebration. 
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These data suggest that the conditions producing the increase in tone 
of the cutaneous vessels are cumulative in nature, but changes were not statist! 
caUy significant until the approach of exhaustion. This is illustrated in figure . 
which presents the means from table 2 with their standard error. The mean ele- 
vation of threshold was 58 per cent for Bout A and 84 per cent for Bonn, 
with clearing times of 42 per cent and 81 per cent respectively. On the other 
hand, the third portion of figure 3 illustrates the marked and statistically sig- 
nificant increase in threshold and clearing times which occurred as the subjects 
continued to exercise until the approach of exhaustion. Here the average 
threshold was elevated by 168 per cent, and the average clearing time by 164 
per cent, indicating a marked increase in tone requiring a much longer period 
of occlusion to produce visible reactive hyperemia. 

Of//cr Evidence of Cutaneous Vasoconstriction in Exercise. In general, skin 
temperatures were of limited value in estimating changes in the state of the 
cutaneous vessels because of a) thermal lag and b) differences in response o5 
the vessels in the skin and underlying muscle. The effects of sweating were 
unimportant owing to the rubber dam over each thermal junction. With the 
onset oi exercise the temperatures of the finger tips usually fell slightly (figs. 
I, 2), and .then gradually rose above control levels, while forehead and forearm 
temperatures rose as heat production increased. Only in one case (fig. zD) was 
the cutaneous constriction sudden and severe enough to produce a pronounced 
drop in the temperatures of both the forearm and the finger. 

As an independent check on the state of the cutaneous vessels, histamine 
was employed to evoke the ‘triple response.' In agreement with Lewis (13) 
it was noted that the flare normally appeared in about 30 seconds, and the 
wheal in il to 2 minutes in the resting subject, and also early in exercise. 
However, at the time when threshold began to rise the flare appeared more 
slowly and less intensely. If histamine was punctured into the skin of the fore- 
arm at the time when threshold was maximally elevated, only a ghost or cy- 
anotic flare was visible, which indicated a marked reduction in cutaneous blood 
flow. Moreover, as exhaustion approached, wheals appeared more slowly and 

tended to persist for a longer time. 

Relation Between Rise of Venous Pressure in Exercise and Increase of a) 
Heart Rate and h) Respiratory Minute Volume. Heart rates and respiratory 
minute volumes were included to determine whether either of these might show 
sharp increases corresponding in timing and magnitude to the changes of tone 
in the cutaneous vessels. No correspondence of this type was found, but the 
relation of both heart rate, and respiratory minute volume to venous pressure 


was quite striking. , . 

Bainbridge (14) found that raising the venous p^ssura, 
femoral win of anesthetized dogs, led to an increase in heart rate. Although th 
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importance of the Bainbridge reflex has been questioned by some (15), the 
increase in heart rate with elevation of venous pressure has been confirmed 
by otliers (16, 17) ; and, Bock and Dill (iS) state that it is “the principal cardiac 
reflex brought into play during exercise.” We were unable to find any specific 
expression in the literature for the correlation between the rise of venous pres- 
sure and heart rate in exercise. Figure 1 suggests that this correlation may be 
quite close once venous pressure has begun to rise, e.g., at 3 miles per hour and 
5® grade. Figure 4 provides a more complete summary of this relationship 
from 6 e.xperiments in which the regression line relates the rise in heart rate to 



CHANGE m VENOUS PRESSURE 

(mm. Slime) 

Fig. 4. Relation betiv'een peripheral venous pressure and heart rate during exercise on 
the treadmill. Venous pressures arc expressed as differences between resting values for each subject 
and those at the end of each lo-minute period. 


the increase in peripheral venous pressure. The correlation coefficient was 0.89," 
with p of less than 0.0 1. 

Similarly, with respect to respiratory minute volume, Harrison (19) has 
found that he could increase the respiration of anesthetized dogs 50 to 100 
per cent by rapid infusions of saline or blood, or by distension of a balloon in 
the right auricle. In 5 experiments on the treadmill, respiratory minute volume 
was measured for comparison with venous pressure. In figure 5 the changes in 
venous pressure and ventilation have been expressed in terms of fall or rise 
(mm. saline and liters per minute respectively) above or below the values 
observed in the same subjects during the control period. The correlation co- 
efficient for respiratory minute volume vs. venous pressure is 0.89, with p less 
than o.oi. 

Reactive Hyperemia- During Tilting and During Venous Pooling. To esti- 
mate more clearly the degree of circulatory stress which would alter the response 
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of the cutaneous vessels to brief periods of occlusion, local cutaneous reactiv, 
hyper™, a was studied during the less acute and less severe stresses of ,„fc 
Stand, ng on the t,It table, and also in recumbent subjects during native 
gestion of three extremities. These experiments were performed in a constant 
temperature room (afC.) on the same subjects, most of whom were also sub 
jecls for the treadmill exercise. 


For the tiJt-table e.xperiments tlie subjects reclined on the horizontal table 
for 30 minutes or longer while threshold, clearing time, forearm and finger 
temperature, and heart rate were recorded. The subjects were then tilted to 



CHANGE m VENOUS PRESSURE 
(mm sjlifiel 

Fig. 5. Relation between peripherai, venous 
PRESSURE and respiratory minute volume during 
exercise on the treadmill. The figures are the differ- 
ences between resting (control) values for each 
subjectand thoseat the end of each 10- minute period. 


+70° for 30 minutes or longer. 
None of the subjects fainted during 
the procedure. 

The effect on cutaneous circu- 
lation in the forearm (table 3) was 
slight and inconstant compared to 
that seen in severe e.\*ercise. Only 
half the subjects showed changes 
in threshold or clearing time. The 
largest . change recorded was 140 
per cent increase in threshold on one 
subject, but this subject showed 
no measurable response on a second 
experiment. That the stress im- 
posed was not great, is indicated 
also by the maximum heart rates, 
which exceeded 100 only in two 
instances. 

Passive congestion of three 
extremities was produced by sudden 
inflation of cuffs to 75 mm. Hg after 
a 30-minute control period. Thres- 
hold, clearing time, forearm, and 
finger temperatures were measured 


throughout on the unoccluded extremity, and heart rate were recorded. 
Pooling of blood by this method for 30 minutes or longer produced even less 
change in cutaneous reactive hyperemia than did the stress of tilting; a rise in 
threshold and clearing time was consistently observed in only one subject 
(table 3). In none of the subjects was the maximum heart rate above 95. 

Cutaneous Reactive Eyperemia in Resting Patients with Chrome Congestive 
Failure. Since there is still considerable difference of opinion concerning the 
state of the peripheral circulation in patients with congestive failure, localize 
reactive hyperemia was studied in the forearms of 12 resting patients wi 
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chronic congestive failure, and compared with that of other patients of com- 
parable age without any significant cardiovascular disease. The results are 
tabulated in table 4. With the exception of one patient {no. 2), there was no 


Table 3 . Effect of tiltixg axd venoos pooling on cutaneous reactive nypEREinA 


StTBJCCT 

[ mi-TABLE 

PASSIVE CON'CESTION* 

Threshold 

Clearing 

time 

Threshold 

Clearing 

time 


^ . 1 
% increase \ 

^0 increase 

% increase 

% increase 

JS. 

67 

so 

0 

0 


33 

23 



ir.G. 

43 

0 

0 

22 


0 1 

0 

0 

20 

A.C.B. 

0 . 

0 

200 

17 


1 

! 

33 

0 



1 

100 

21 

L.n.s. 

140 

0 

0 

0 


0 

0 

0 

0 

EJf.L. 

33 

45 



M.E. 

0 1 

0 1 



- F.XWS. 

0 

33 

18 

0 

Average 

32 

IS 

35 

8 


Table 4 . Cutaneous p-eactive hyperemia in resting patients with chronic congestive 

FAILURE 

(Controls performed at same time on patients of same age group but trithout significant cardiovascular disease) 


CARDIAC PATIEN'TS 


Patient 

Age 

Threshold 

Clearing 

time 

1 Temp, of 
test area 

Con- 

trol 



Clearing 

time 

Temp, of 
test area 



sec. 

sec. 

•c. 


1 

1 

sec. 

sec. 

°c. 

I 

S2 

25 

18 

32*0 1 

/ 

22 

27 


34. S 

2 

5 ^ 1 

60 

so 

30.8 1 

2 

55 

30 


34-5 

3 

73 1 

so 

30 

31.7 1 

3 

77 

30 


33.0 

4 

47 1 


25 

34-0 1 

4 

46 

35 

25 

33.0 

5 

54 


IS 

34.J 

S 

55 

25 

25 

34*0 

6 

63 


IS 

31.0 ^ 

« 

59 

35 

25 

33.0 

7 

80 


28 

35.0 

7 

77 

32 

27 

34. S 

S 

46 , 


21 

33*0 

s 

44 

15 

18 

33.0 

P 



2 S 

35-0 1 

p 

66 

20 

20 

34.0 

JO 

57 1 


24 

33.S ! 

20 

S6 

10 

14 

33.5 

21 

tm 


S3 

34.0 

" 

73 

10 

30 

32.8 

22 

11 


35 

34*0 

22 1 

66 

1 

33 

40 

32.8 

Mean 

63.2 

27.6 

24.1 1 

33.3 

■ 

62.6 

25.2 


33.6 



dztr = II. 6 

- 5*9 i 

=fc<r 1.3 1 

■ 


dber = g .3 


1 shtr = 0.7 




significant difference in threshold and clearing times between cardiac patients 
at rest and the controls, despite the fact that 6 of the patients were dyspneic 
at rest with high venous pressures, one was recovering from pulmonary edema. 
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and the others were dyspneic with slight exertion. The temperatures of the 
test sites on the forearms were very similar in the two groups. 


DISCUSSION 

In agreement with Schneider and Collins (4) an elevation of peripheral 
venous pressure was observed during ex'ercise in healthy, young individuals, 
the rise of venous pressure being roughly proportional to work intensity. Con- 
flicting results in earlier studies (1-3) can be ascribed either to the use of less 
accurate, indirect methods of measuring venous pressure or to differing grades 
of exercise. In addition, the treadmill has the advantage of offering untrained 
subjects the most familiar and physiological type of exertion, and consequently 
offers less interference with venous return by straining and by involuntary per- 
formance of a Valsalva manoeuver which less familiar exercise may produce. 

Although these observations were not designed to study the mechanisms 
responsible for this rise in venous pressure, mechanical factors can be excluded. 
Tensing of the forearm muscles was avoided by resting the flexed forearm on a 
horixontal platform at the level of the xiphoid. Moreover, in agreement with 
Lyons ct al. (20) purposeful contraction of the forearm muscles during measure- 
ments did not affect venous pressure significantly. Furthermore, the marked 
distention of the neck veins would indicate the more general nature of the rise 
in venous pressure. In any case, we may state that exercise elevates venous pres- 
sure in the upper extremities and adds the possibility that venous distention 
as well as cumulative filtration of fluid accompany exhausting exercise and may 
be concerned in the major compensatory adjustments of the circulation during 


exercise. 

The duration of local vascular occlusion required to produce a clearly 
visible ring of reactive hyperemia in the skin of the elevated forearm 
(threshold, table 2) was increased by averages of 58, 84 and 168 per cent re- 
spectively at the end of moderate, severe and exhausting cumulative exercise 
on the treadmill. Reactive hyperemia, once visible, also persisted for longer 
times as exhaustion approached (clearing time, table 2). Earlier studies (12) 
indicated that both threshold and clearing time are prolonged when heightened 
vasconstrictor tone, increased by epinephrine or by cold, opposes the local 
dilator effect of metabolites. It may be concluded, therefore, that severe 
exercise can lead, in normal subjects, to constriction of the cutaneous as well 
as the renal (8, 9) vascular bed. This conclusion is supported by the delayed 


response to histamine. ^ . 

The amount of exercise required to increase vasoconstrictor tone m e 

skin seems to be considerably greater than that required to reduce renal plasm 
flow. It has been reported (8) that walking on a treadmill for lo minutes a 3 
miles per hour at 5 per cent (approximately 3 ”) grade reduces renal plasma Sow 
slightly but definitely. In contrast, the threshold of cutaneous reactiv y 
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peremia was not modified significantly by the initial period of 10 minutes at 
3 m.p.h. and 5° grade, sometimes increased by 10 minutes at 3 m.p.h. and 10° 
grade, but uniformly increased only when the latter severe exercise was con- 
tinued to the point of fatigue or approaching exhaustion. This delay of cutane- 
ous vasoconstriction, relative to the renal vasoconstriction, can be explained on 
the basis that heat production and rising body temperature throughout exercise 
would simultaneously tend to eliminate or reduce vasoconstrictor impulses to 
the cutaneous vessels. 

The stimulus which produces this late increase of cutaneous vasocon- 
strictor tone must be relatively powerful, because it overcomes the usually pre- 
dominant thermoregulatorj' mechanism. The stimulus is also apparently 
cumulative because a considerable period of severe exercise is required. Though 
central effects of the chemical products of muscular activity, e.g., lactic acid, 
cannot be excluded, the prior elevation of venous pressure for a considerable 
time suggests that lessening of blood volume by filtration may be partly re- 
sponsible. Venous pressure was generally higher during the second bout of 
3 m.p.h. at 10° and marked increase of threshold for reactive hyperemia also 
appeared during this period as exhaustion approached. 

It has been estimated (5) that if venous pressure is raised throughout the 
whole body by 100 mm. above the previous resting level, fluid could be filtered 
from the blood stream at a rate of 25 to 30 cc. per minute or 250 cc. in a 10- 
minute period thereby decreasing available blood volume by this amount in 
addition to that made ‘ineffective’ by the greater volume of distended veins. 

Increased filtration during exercise is probably chiefly responsible for the 
increased hematocrit and total plasma protein reported by most workers 
(21-24) and for the decreased blood volume demonstrated in more recent 
studies (21, 22). Two subjects (/. 5 . and L. E. S.) were exercised within 2 
hours after each had donated 500 cc. of blood for transfusions. One subject 
(/. S) noted no subjective differences from previous bouts and the responses 
of his cutaneous vessels were unchanged, despite the blood loss. The other 
subject (L. E. S.) noted earlier fatigue, while threshold and clearing times rose 
markedly during the first period of 3 m.p.h. at lo'’, an unusual response for 
this subject. Similar results were obtained on the same subject after a moderate 
intake of alcohol the night before, which may have led to some dehydration. 
The evidence that reduction in blood volume is the stimulus is stiU not 
conclusive. 

White and Rolf (g) have suggested that renal vasoconstriction in light to 
moderate exercise is due to vasoconstrictor nerve impulses, while the con- 
stricting action of epinephrine is added only when exercise becomes more severe. 
The latter may explain the belated, but marked, increase of cutaneous vaso- 
constrictor tone. In this respect it is interesting that iontophoresis of i : 50,000 
epinephrine for 30 seconds elevated threshold by 171 per cent, i.e., by approxi- 
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mately tho same amount observed in exhausting exercise. It is not possible as 
yet to identify the nature of the vasoconstrictor mechanism itself, viz., vaso- 
constrictor nerve impulses, epinephrine, pitressin or renin. Christensen el al 
Cioj described a brief, neurogenic vasoconstriction in the linger tips whidj 
lasted for a few minutes after the onset of moderate or severe exercise and then 
gave way to the usual thermoreguktoiy vasodilatation. This was observed 
also m the finger tips in these studies (figs, r and 2) because digital temperatures 
tended to fall until the subject began to walk at 3 miles per hour on the level 
and then rose more and more steeply as rectal temperature increased. During 
exercise the arteriovenous anastomoses of the fingertips and the cutaneous 
arterioles of the forearm may react differently to the opposing forces of vaso- 
constriction and thermoregulatory vasodilatation. As shown in figures i and 2, 
mild exercise was accompanied by a fall of digital temperature, while forearm 
temperature and reactive hyperemia remained constant. Conversely, as ex- 
haustion approached, digital temperatures continued to rise with rectal tem- 
perature (one exception), while evidence of vasoconstriction developed in the 
skin of the forearm and the temperature of the forearm remained relatively 
constant despite rising rectal and digital temperatures. 

It must be emphasized that in ail the observations here described the 
forearm was elevated so that the tested area of skin was 30 cm. or more above 
the level of the interclavicular notch. In a few early observations, where reac- 
tive hyperemia was tested with the forearm at the side, with the tested skin 
near the level of the xiphoid, threshold and clearing time first decreased as 
peripheral venous pressure rose and then secondarily increased again to normal 
or well above normal as exhaustion appeared. It has been shown (12) that 
threshold decreases whenever local venous pressure rises and passively dis- 
tends the subpapillary venous plexus to which skin color is largely due. In the 
present studies the forearm was elevated so that any change in venous pressure 
produced by exercise could not penetrate to the test area. This eliminated any 
temporary and mechanical lowering of threshold and the relation between reac- 
tive hyperemia and exercise then became more consistent as indicated in 


table 2, 

Both threshold and clearing times are also increased greatly by any reduc- 
tion of local skin temperature, but the changes in exercise cannot be ascribed 
to this factor because the temperature of the skin of the forearm was constant, 
or rose slightly as exercise progressed. Such slight reductions of temperature 
as occurred during vasoconstriction were much too small to explain the large 
rise in threshold. In fact, the lag in the skin temperature of the forearm was so 
great that, in this area, reactive hyperemia proved to be a much more sensitive 
indicator of temporary increase of vasoconstrictor tone and, hence, was mo 
helpful in detecting changes which appeared suddenly and lasted for y 

brief periods. 



Augiisl 1949 VENOUS PRESSURE AND REACTIVE HYPEREMIA IN EXERCISE 95 


The probable importance of change of venous pressure in the adjustments 
to moderate and severe exercise is indicated also by the relation between venous 
pressure, heart rate and pulmonary' ventilation. To determine to what extent 
these relations depend on each other or upon another common factor in the 
background, will require further study. 

The adjustments of cutaneous circulation to the stress of severe exercise 
are more marked than those produced by the lesser stresses of quiet standing on 
a tilt table and, during recumbency, by congestion of 3 extremities (table 3). 
These stresses affected cutaneous reactive hyperemia only in some subjects and 
then not uniformly. 

In patients with chronic congestive heart failure, the state of the cutaneous 
circulation is still uncertain (25-27). Marsovsky (28) stated that the digital 
temperatures of normal subjects rose above control values during the reactive 
hyperemia which followed a 2-minute arterial occlusion but found no rise, or 
a delayed rise, in patients with cardiac failure. In a series of patients (table 4), 
6 with dyspnea at rest, and i recovering from pulmonary edema, local reactive 
hyperemia produced by the occluding ring showed no change in the skin of 
the elevated forearm. All of these patients were studied while at rest in bed so 
that none had further elevations of venous pressure above their resting level, 
such as were produced by exhausting e.xercise in normal subjects. 

SUMMARY 

Peripheral venous pressure and cutaneous reactive hyperemia were studied 
in the relaxed forearms of healthy, male subjects exercising to exhaustion on 
the treadmill. The changes in cutaneous circulation during exercise were com- 
pared with those occurring during less acute or chronic types of cardiovascular 
stress; a) tilting to -i-70'’ for thirty minutes, b) venous congestion of three 
extremities, and c) chronic congestive failure in patients. During walking at 
rates of 1.5 to 3.0 m.p.h. on the level, venous pressure remained approximately 
constant. Venous pressure rose by an average of 30. mm. H2O during walking 
at 3.0 m.p.h. and 5° grade, 73 mm. H2O at 3.0 m.p.h. and 10° grade and 91 mm. 
H2O during a second bout at the latter grade. The elevation of venous pressure 
was related to work intensity and also to the total amount of work done. The 
duration of local vascular occlusion required to produce a clearly visible ring 
of reactive hyperemia in the skin of the elevated forearm remained within nor- 
mal limits until moderate exercise was performed. Threshold increased by 
averages of 58, 84, and 168 per cent respectively at the end of moderate, severe 
and exhausting exercise. This indicates that in severe exercise, as exhaustion 
approaches, the cutaneous vessels constrict markedly. 

Tilting to -k7o° and, in recumbent subjects, venous congestion of three 
extremities produced much less striking changes in cutaneous reactive hy- 
peremia. Threshold and clearing times were elevated only in some subjects 
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and to a much smaller degree than in exercise. Cutaneous reactive hyperemia 
was normal in 12 resting patients hospitalized for chronic congestive failure 
espite the fact that six of the patients were dyspneic at rest, one was re- 
covering from pulmonary edema, and the others were dyspneic with slight 
exertion A close correlation was noted between a) venous pressure and heart 
rate during exercise and b) venous pressure and respiratory minute volume 
during exercise. 


It is a pleasure to thank Professor E. M. Landis for his stimulating criticism and advice. 
We also wish to thank Professor G. W. Thorn, and Professor S. A. Levine for the opportunity 
of studying the cardiac patients at the Peter Bent Brigham Hospital. 
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Reliability of Rectal Temperatures as an Index 
of Internal Bodv Temperature 


JERE MEAD' and C. LAWRENCE BONMARITO. From the De- 
partment of the Army, Quartermaster Climatic Research Laboratory, 
Laurence, Massachusetts 


j[^N DETERMINING RECTAL TEMPERATURES in this Laboratoiy in the past it 
has been assumed that the distance from the anus at which rectal temperatures 
are recorded is not critical beyond a depth of 2 to 3 inches. A seemingly para- 
doxical obseiA'ation has been made, however, which opens this assumption to 
question. Temperatures recorded at the tip of a flexible rectal catheter, passed 6 
inches, on many occasions have been as much as 1° F. lower than temperatures 
recorded immediately thereafter at shallower insertions. In view of the im- 
portant role that rectal temperature has in clinical and physiological studies 
as an inde.x of deep body temperature, it was considered important to report 
this discrepancy and to undertake studies which might elucidate this phe- 
nomenon and indicate its influence on the rectal temperature as an index of 
internal body temperature. 

Reference to this problem has not been found in reported work. Benedict 
and Slack (i) in their monograph on body temperature fluctuations described 
the gradient of rectal temperature to a depth of approximately 5 inches. They 
found that from the anus inward the temperature rose to the highest point at 
a depth of approximately 2§ inches. They report no fall in temperature beyond 
this point. In many reports no mention is made of the depth at which rectal 
temperature is recorded; in some, ‘deep rectal’ temperatures are recorded but 
not further defined. 


MATERIALS AND METHODS 

A rectal catheter was constructed with five copper-constantan thermo- 
couples, one at the tip, and others 2, 3, 4 and 5 inches from the tip. In use, the 
tip of the catheter was inserted 8 inches through the external anal sphincter 
so that temperatures were obtainable 3, 4, 5, 6 and 8 inches along the catheter 
from the anus. The thermocouples were made by twisting together carefully 
cleaned no. 20 stranded copper and no. 20 stranded constantan wire. These 
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were soldered to brass couplings at the intervals described along the catheter 
One constantan wire served as a common lead for all of the thermocouples 
The brass couplings were coated with Glyptal lacquer so that the copper cir- 
cuits were insulated from each other. The independent copper wires ran in a lo- 
foot cable to a rotary selector switch housed in a wooden box packed with 
Fiberglas to prevent air circulation. The reference junction thermocouple 
was formed by the common constantan wire twisted and soldered to no. 20 
stranded copper wire. The copper lead from the switch and the copper lead 
from the reference junction thermocouple ran to a precision potentiometer. A 
similar independent circuit was made including a single thermocouple soldered 
to a small brass plug within the tip of a Levine stomach tube. The two refer- 
ence junctions were immersed bare in separate thermos bottles 5 inches below 
the surface of crushed ice and water. The crushed ice extended to the bottom of 
the thermos bottles. The ice baths were agitated before each set of readings. 
The only soldered joints in the circuits were at the thermocouples and in the 
selector switch. 

The thermocouples were calibrated against a precision thermometer in a 
well-agitated water bath controlled to ±0.025° T. Each couple was placed 
directly beside the bulb of the thermometer for each reading. The calibration 
was carried out over the course of the experimental period and checked after- 
ward. The range of temperatures included in the calibration was from 87° to 
103° F, Each determination was triple-checked. The temperatures recorded 
in this report are considered accurate to ±0.05° F. 

The effect of conduction along the rectal catheter was studied by im- 
mersing the catheter in one water bath held at 99.5° F. ± 0.05° to a depth of 8 
inches and the section of tlie catheter above the surface of the bath in another 
water bath. When water at 105° F. filled the upper bath, the temperature at 
the 3-inch point on the catheter rose 0.2° F. in 15 minutes. The temperatures 
further along the catheter remained unchanged. When the temperature of the 
upper bath was then changed to 65° F. the temperature at the 3-inch point 
dropped 0.5° F. in 10 minutes and continued at this level. The temperature at 
the 4-incli point dropped 0.1° F. in 7 minutes and remained at this level. The 
temperatures at the 5-, 6- and 8-inch points remained unchanged. Because of 
the effect observed at the 3-inch point, the temperatures recorded at this point 

are unreliable in expctiwctits 5 3'Ud 6 described below. 

Pelvic x-ray photographs were taken to ascertain the position of the 

catheter in the pelvic cavity. 

experimental results 

Fasition of Rectal Catheter in the Pelvic Cavity. With the first pelvic x-ray 
films taken with the rectal catheter inserted 8 inches, it became apparent 
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the five points along the catlicter could not be considered to be at graded depths 
within the rectum and sigmoid. Figure i shows the variation of position of the 
catheter in four individuals. In three of the individuals two separate insertions 
are shown. In all but one instance, the position of the catheter on postero- 
anterior and lateral films remained in the region of the rectum. In only one 
instance had it passed into the sigmoid. In the remaining instances, the general 
course of the catheter, in from the anus, is upward and anteriorly, slightly to 
the left or right of the midline for 3 to 4 inches. From this point on, it curves 
quite abruptly toward the opposite side and posteriorly, terminating an inch 
or so anterior to the lower third of the sacrum and i to 3 inches beyond the 
midline. An almost random distribution of the five thermocouples in the rectum 
is afforded but, in general, the more shallow thermocouples tend to be several 
inches anterior to the sacrum, w'hile the ones near the tip are near the posterior 



Fig. 1. Position of eight-inch flexible rectal catheter after 7 separate insertions in 4 indi- 
viduals. 

wall of the pelvis. The variability of position of the thermocouples on succes- 
sive insertions in the same individual is reflected in variations in the sequence 
of temperatures observed along the catheter. In general the thermocouples 
‘farther in’ pve temperatures lower than the more ‘shallow’ ones, but the tip 
temperature is not consistently the lowest, nor the temperature at 4 inches 
consistently the highest. The maximum difference of temperature within the 
rectum was not necessarily recorded with every insertion. This was demon- 
strated clearly when reinsertion of the catheter, following a period in which the 
five temperatures remained relatively constant, resulted in a new distribution 
of temperatures with a decreased or increased maximum difference between 
the points. 

Dislrihution of Five Rectal Temperatures in Men at Rest in Comfortable 
Ambient Conditions. Rectal temperatures were recorded in 5 young adult males. 
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seated and wearing ordinary clothing. The room temperature was F ± 
Pive minutes after the catheter was inserted the five rectal tempemturesTO 
recorded. Three sets of readings were made at two-minute intLals. Res* 
are presented in table r. The greatest temperature difference observed at any 
one time under these conditions varied from o,i° F. in Subject B to o6°F 

m Subject C. TJie average of the temperature differences in the 5 individuals 
was 0.27° F. 


Distribution of Rectal Temperatures in APen After a Two-Hour Exposure 
^^55 Sitting m Underwear-Shorts . The procedure of temperature measure- 
ment was the same as in experiment i. Results are presented in table i. 
The ma\-imum temperature difference remained at 04° F. in Subject A, in- 
creased in Subject B, D, and E, and decreased from 0.6“ to 0.5° F. in Subject C. 


Table i. CoitPARisoN of distribution's of five rectal teuperatuees in men resting ih 
comfortable ambient conditions and after a two-hour exposure at sitting 

IN UNDERWEAR SHORTS 


SUBJECT 

COSIPOSTABLE AMBIEKT CONTJinONS 

1 AFTER 3 HR. AT 5 S“f. IN DNDERWEAE 

Depth of rectal insertion, inches 

Maxi- 

mum 

temp. 

di£f. 

Depth of rectal insertion, inches 

Mari- 

mum 

temp. 

diX 

S 

<5 

5 

4 

3 

8 

<5 

s 

4 

3 

A 

97-9 

98.3 

98.2 

98. 1 

97-9 

0.4 

9?-3 

97-4 

97.7 


97-7 

0.4 

3 

98.9 

98.9 

98.9 

99.0 

98.9 

O.I 

99.1 

98.9 

99-3 

99-4 

99.6 

0.7 

C 

98.1 

98.5 

98.5 

98.7 

98.7 

0.6 

98.6 

98.5 

98.9 

98.5 

98.9 

0.4 

D 

98.9 

98.9 

99.0 

99.0 

99-1 

0.2 

98.3 

98.6 

98.9 

98.8 

98.7 

0.6 

E 

99.1 

99.1 

99.2 


99.1 

0,1 

98.4 

98.1 

98.4 

98.3 1 

98.5 

0.4 


The range of maximum temperature differences in the five subjects was from 
04° to 0.8° F. The average of the temperature differences was 048° F. 

Immediate Effect of Change of Posture 07 v Distribution of Temperatures 
Within the Rectum. In the course of experiments in this Laboratory in the 
past, it has been noticed that rectal temperatures taken at the tip of a catheter 
inserted 4 to 6 inches may be altered abruptly when a subject changes from a 
sitting to a standing position. To study this effect, immediately following 
Experiments 2 and 3, the subjects stood for three sets of readings over a five- 
minute period, and then sat again for another series of readings. In only one 
instance out of ten was a difference of greater than 0.1° F. noted. In this in- 
stance the temperature at the 6-inch point dropped 0.5° F. between readings 
and remained at this level until the subject sat down, when the temperature 
rose abruptly 0.3° F. The temperatures at the other four points remained es- 
sentially unchanged during this period. _ 

The effects of posture on body temperature over much longer periods 
time have been reported and represent a different phenomenon from the abrupt 
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change observed here. Tlie most reasonable e.\'planation for this change is that 
the position of the catheter within the rectum changed from sitting to standing 
and that the thermocouple moved to a cooler region. 

Distribution of Rectal Temperatures and Intra gastric Temperature of Men 
Cooling at Rest Following Exercise (Fig. 2). The object of this experiment was 
to obser\'e the distribution of rectal temperatures at reasonable extremes of 
body temperature and during the course of cooling, comparing these tempera- 
tures mth intragastric temperatures. Subjects F, G, and H exercised until their 
rectal temperatures were approximately 102° F., sat nude first in an ambient 
temperature at 80° F. =b 5° and then at an ambient temperature of 40° F. ± 5° 
until the rectal temperature had dropped appro.ximately 5° F. Temperatures 
were recorded at frequent intervals at five points within the rectum and at the 
tip of an intragastric catheter. 

Subject F, 8 minutes after insertion of the rectal catheter and 10 minutes 
after exercise, had a temperature at the 8-inch point 0.7° F. higher than the 
next highest temperature. During the course of cooling the tip temperature be- 
came the lowest of the rectal temperature (discounting the temperature at the 
3-inch point after entering the cold room because of conduction along the 
catheter). The maximum difference in rectal temperatures initially was 0.8° F. 
with the temperature at the 8-inch point the warmest, 0.6° F. higher than the 
next highest temperature. During the first hour of cooling, the maximum differ- 
ence in rectal temperatures reduced to 0.1° F. After the subject entered the 
cold room, the maximum temperature difference gradually increased and at 
the end of the cooling period was 0.3° F. with the tip temperature now the 
lowest. The gastric temperature was the highest temperature throughout all 
but the initial 1 5 minutes of the cooling period. At no point was it more than 
0.4° F. higher than the warmest rectal temperature. During two periods of 
moderate exercise of the lower extremities, all of the temperatures dropped 
abruptly, the gastric temperature falling with the rest. 

Subject G initially had a maximum temperature difference of 0.2° F. along 
the rectal catheter. This difference remained between 0.2° and 0.3° F. for two 
hours of cooling. When the subject entered the cold room (40° F.), the maxi- 
mum of difference in temperature (discounting the temperature at the 3-inch 
point increased to a final value of 0.9° F. The gastric tube was passed at the end 
of the first hour of cooling. The gastric temperature rose for 10 minutes and then 
cooled 1.8° F. during the next two hours, while the warmest rectal temperature 
cooled 2.5° F, and the coolest rectal temperature cooled 2.8° F. During this 
period the subject complained of hunger. 

Subject H had an initial maximum temperature difference of 0.3° F. with 
the rectal tip temperature the coolest. During the first 25 minutes of cooling, 
the tip temperature fell 1.3° F. while the warmest rectal temperature fell 
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0.8° F. The maximum temperature difference increased from 0.3° to 0.8° F. 
during this time. When the subject entered the cold room, the maximum tem- 
perature difference again decreased to 0.3° F., and finally increased again during 
the last 45 minutes to 0.6° F. The gastric temperature was initially approxi- 
mately a degree cooler than the warmest rectal temperature. This difference 
decreased during the second hour, and for the last hour and a half it paralleled 
the warmest rectal temperatures remaining 0.2° to 0.4° F. lower than the 
warmest rectal temperature. 

Effect of Immersion to Level of Umbilicus in Water at Varied Temperatures 
on Distribution of Rectal Temperatures and on Gastric Temperature {Figs. 3 
and 4). Subject H, w'ith rectal and gastric catheters in place, sat in water at 
105° F. to the level of the umbilicus. The maximum temperature difference 
along the catheter remained 0.1° F. or less while, during the course of one 
hour, his warmest rectal temperature rose from 98.3° to 100.7° Cold water 
was then added to the bath, bringing the bath temperature to 80° F. ± 5° 
which felt ‘comfortably cool’ to the subject. All the temperatures fell approxi- 
mately 2.5° F. over varying periods of time, and then leveled off or rose slightly. 
The fall of the gastric temperature was the most rapid: 2.5° F. in 10 minutes. 
The temperature at the 8-inch point on the rectal catheter was the next most 
rapid: 2.8° F. in 15 minutes. And the other rectal temperatures, which remained 
within 0.2° F. of each other, fell the slowest: 2.6° F. in 30 minutes. Both the 
gastric and the rectal 8-inch point temperatures rose from their minimum 
values 0.9° and 0.3° F. respectively for a period of 15 minutes, while the re- 
maining rectal temperatures continued to drop (1.0° F,). During the period 
of rapid cooling the maximum temperature difference along the rectal catheter 
increased from 0.1° to 1.5° F. and then decreased again to 0.4° F. 

Subject H remained in water approximately 65° F. for two hours. At the 
end of this period hot water was again added, bringing the bath temperature 
back to 105° F. For 20 minutes all of the rectal temperatures continued to 
drop, as did the gastric temperature, and the maximum difference between 
the rectal temperatures increased from 0.4° to 0.7° F. During this time the 
subject felt comfortable and did not sweat. Ten minutes later, when his maxi- 
mum rectal temperature had risen from 96.5° to 96.7° F., perspiration was 
first noticed on the subject’s forehead. As the rectal temperature rose, the 
maximum temperature difference decreased to 0.1° F. After this the temperature 
at the tip, which had been the coolest, became now the warmest of the five: 
0.2° F. higher than the nearest temperature. 

Effect of Temporary Interruption of Leg Blood Flow on Distribution of 
Rectal Temperatures. Subject H sat nude at 55° F. for three hours. During this 
period his warmest rectal temperature fell 1.5° F. from 99.8° to 98.3° F. Blood 
pressure cuffs around his upper thighs were then inflated quickly to 280 mm. 
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Hg and maintained at that level for 15 minutes. During the period of oMm- 
to warmest rectal temperature, which was 3 inches from the anus, M o "' 
hile the temperature at the tip of the catheter at the 8-inch point, which 


5U8JCCT M, SCATCO IW BATH7l/0^ 
WATlfl LCVCL AT UH8ILICUS 
WATCH TCUPCRATURC |05*r *%• 


COLD WATCH ADDED 


COLD WATCH ADDCD 

teupchatuhc 

AS* Fty 



CASTHiC 
HCCTAL • INCHCS 
HCCTAi e fMCH£9 
RCCUL 5 INCHES 
flCCTAL 4 INCHES 
HCCTAL S INCHES 


90 0 -^ 



tC CCND 

RECTAL e INCHES 

rectal S INCHCS 

rectal 3 INCHES 

0000009000 RECTAL 4 INCHES 


Fig, 3 {tipper). Distribution of 5 kectal temperatures and gastric temperature in a man 
immersed to the level of the umbilicus in ■water at first warmer than any body temperature. 

Fig. 4 (lower). Distribution of 4 rectal temperatures in a man immersed to the level of 
the umbilicus in water held at 6s°F., plus or minus s for two hours and then raised to ios°F. 


initially was 0.4° F. cooler than the temperature at the 3-inch point, dropped 
0.1° F. and then rose again 0.1° F. The cuffs were then deflated. During the 
next 10 minutes the temperature at the 3-inch point dropped 0.1° F. while 
the temperature at the 8-inch point fell 0.5° F. 
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DISCUSSION 

In 8 individuals, studied under a variety of conditions, temperatures near 
the tip of a flexible catheter inserted 8 inches through the external anal sphinc- 
ter were in almost every instance lower than temperatures recorded at inter- 
mediate points along the catheter. The maximum difference in temperature along 
the catheter varied from o.i° to 1.5° F. The greatest differences were observed 
in cases where body temperature was falling rapidly (e.g. 2.5° F. in 20 minutes), 
but differences of 0.6° F. have been recorded in individuals maintaining a 
relatively steady body temperature. 

The position of the terminal portion of the rectal catheter, as determined 
by x-ray, suggested a possible explanation of this phenomenon which could 
be tested e.xperimentally. In 6 out of 7 insertions of the catheter in 4 indi- 
viduals, the tip of the catheter lay near the posterolateral wall of the pelvis. 
Adjacent to this region on the pelvic wall lies the network of the hypogastric 
vein and its branches which include blood flowng from the skin of the buttocks, 
the upper leg, and external genitalia. Experiment 6 was planned to see if direct 
warming and cooling of these surfaces influenced the temperature toward the 
tip of the catheter to a different degree than the other rectal temperatures. 
The results show this to be the case. As long as the surface of the body below 
the umbilicus was subjected to a temperature higher than any body tempera- 
ture, the tip rectal temperature did not drop below the other rectal tempera- 
tures. When this surface was subjected to temperatures lower than any body 
temperature, the temperature at the tip fell away from the remaining rectal 
temperatures and at one point was 1.5° F. below the other rectal temperatures. 

The continued fall of all of the temperatures for a period of 20 minutes 
after the water temperature was again raised above internal temperature is a 
striking instance of what other workers have reported (2, 3), namely, that 
when individuals whose body temperatures were falling, passed from cold into 
warm environments, their internal temperatures continued to fall for a period 
of time. A likely explanation of this temperature drop is that a rise in skin 
temperature results in increased circulation through the cooled peripheral tis- 
sues of the body, cooling the blood and hence dropping the internal tempera- 
ture. In experiment 6 during this phase of further cooling which occurred after 
the water temperature had been raised above any internal temperature, the 
tip rectal temperature dropped more abruptly than the remaining rectal tem- 
peratures as might be expected. When, however, the internal temperature 
finally rose, the tip rectal temperature rose more rapidly than the other rectal 
temperatures and ultimately became the warmest of the five. 

The results of experiment 7 strengthen the conclusion that temperature of 
the blood in the vessels lying on the posterior pelvic waU account for the lower 
temperatures observed at the tip of the rectal catheter. Following interruption 
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of the blood flow to the legs by means 
intense hyperemia of the cool sb'n of 
the tip rectal temperature dropped o, 
ture dropped only o.r° F. 

Although the temperature of venous blood passing through the pelvis 
from the surface of the body probably played the major role in causing the 
deviations in rectal temperatures observed, it should be mentioned that the 
temperature of blood flowing in the arteries lying on the pelvic wall could be 
expected in most instances to have a similar effect. During body cooling, the 
temperature of arterial blood leaving the left ventricle can be expected to 
change more rapidly than most internal tissue temperatures. Nedzel (4) has 
shown this to be the case in dogs. He found that the temperature of the gastric 
mucosa, intestinal mucosa, and rectal mucosa all lagged behind changes in 
arterial temperature (approximately 15 minutes). Furthermore, Bazett e( al. 
(5) have shown in men that during body cooling arterial blood is further cooled 
peripherally where arteries lie adjacent to veins cariying cooled blood from 
the body surface. These phenomena offer possible explanations of the pre- 
cipitous drop in gastric temperature in experiment 6 . Hyperemia of the gastric 
mucosa may have permitted a comparatively direct reflection of the tempera- 
ture of circulating blood. Another explanation is that the gastric thermo- 
couple was in proximity to the inferior vena cava, which carried cool blood 
from the surface of the body. 

It was also the purpose of this work to determine whether or not the same 
influences which caused a lower temperature toward the tip of the rectal cathe- 
ter also influenced the other rectal temperatures in the same direction, and 
hence caused deviations rendering the rectal temperatures at any depth un- 
reliable as an index of the internal temperature. Two considerations suggest 
that this is not the case. Firstly, the influence causing the deviation is con- 
siderably localized, since at times the warmest rectal temperature was re- 
corded at a point only 2 inches from the coolest temperature. This was true in 
experiment 6 , when at one time the difference in temperature between these two 
points was 1.5° F. Secondly, the only veins in the pelvic cavity carrying blood 
directly from the surface of the body lie near the pelvic wall. Temperatures ob- 
tained anteriorly in the rectum near the midline should be sufficiently distant 
from the pelvic wall so as to be beyond the direct influence of cooled venous 
blood returning from the surface of the body. It should be pointed out, how 
ever, as H. C. Bazett et al have done (5), that the effect of cool venous blood 
in the pelvic cavity on the temperature of the blood in arteries supplying t e 
rectal wall might produce cooling in the rectum disproportionate to genera 

body cooling. It has not been possible to assess this phenomenon m these ex- 
periments because of the unreliability of our other deep body temperature, 
i.e. intragastric (see below). 


of blood pressure cuffs high on the thigb, 
the legs was observed. During this phase 
5® F., while the warmest rectal tempera- 
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A consideration of the reliability of the rectal temperature as an index of 
internal body temperature brings into question the meaningfulness of the 
concept of ‘an index of internal body temperature.’ Bazett (6) has stated, “the’ 
conception tlrat a man has an internal mass of tissue maintained at 37“’ C., 
surrounded by a thin layer with a steep temperature gradient, such that the 
surface temperature is about 33° C., is common but inaccurate.” Apart from 
the difficult question of defining the mass of the body which lies beyond the 
direct influence of temperature gradients to the surface of the body, a con- 
sideration of the pattern of temperatures within this mass is complex. The 
temperature of any region in the internal mass of the body depends on the 
metabolic activity of the region, the temperature and amount of blood flowing 
through the region, and the gradients of temperature to surrounding regions. 
These factors vary between regions and within the same region. Variations in 
internal temperatures occurring at different points along the human intestinal 
tract have been reported. Hepburn cl al. (7) found the average temperature in 
the sigmoid, taken through a sigmoidoscope, to be almost 2° F. higher than 
the temperature in the stomach and upper intestine. Foged (8) reported the 
average stomacli temperature to be 0.4° F. lower than the rectal temperature. 
In dogs, Nedzel (9) found the average temperature of the surface of the liver 
to be 0.4° to 1.0° F. higher than the temperature of arterial blood. It is ap- 
parent that no single regional temperature could indicate, except by chance, 
the average of all of the internal temperatures. Furthermore, the deviation of 
a single regional temperature from other body temperatures or the average 
body temperature could be expected to vary with differing levels of activity 
and ambient conditions. Figure 3 illustrates the inadequacy of a temperature 
change in a single region of the body as an index of temperature changes in 
other parts of the internal body mass. For a period of 15 minutes two deep 
body temperatures, namely, an intragastric and a temperature at the tip of an 
8-inch rectal catheter, rose 0.9° and 0.3° F. respectively, while during the same 
time, four other rectal temperatures had fallen 1.0° F. Eisenberg and Bazett 
(10) have also observed internal body temperatures changing in opposite direc- 
tions simultaneously. 

Of greater practical importance than the deviations of different regional 
temperatures from each other and from the average body temperature, is the 
problem of accurately positioning any temperature recording device, so as to 
obtain reliably the temperature of a single region. For if this is not accom- 
plished, temperature differences recorded may represent temperature gradients 
in the body rather than temperature changes of a region. In superficial areas, 
such as the oral cavity or the axillae, positioning can be accomplished under 
direct vision. In more remote regions such as the rectum or the stomacli, this 
is not possible. Our studies have convinced us of the shortcomings of a gastric 
temperature in this regard. We cannot say whether our gastric thermocouple 
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lies surrounded by liquid ptric contents, against the mucosa, or in the gas 
:>ubb]e. Masek (n) observing the position of a gastric thermocouple through 
a gastroscope noted a significant drop in temperature when the thermocouple 
was raised from the surface of the gastric contents into the gas bubble. Other 
local factors m tiie stomacli render it unsuitable for deep temperature measure- 
rnents. Masek showed that the stomach temperature rose following an injec- 
tion^ of histamine which caused mucosal hyperemia, increased secretion and 
motility in the stomach. Following the injection of nicotinic acid, which caused 
gastric lij^eremia without increased secretion or motility, the gastric tempera- 
ture dropped. It is of interest in our experiments that Sudjea G complained 
of hunger during the last hour of cooling. During this period his gastric tem- 
perature rose relative to the rectal temperature. 

The rectum also offers difficulties in positioning of a thermocouple. When 
a flexible catheter is introduced through the anus its position in relation to 
the posterior and lateral wall of the pelvis, where it is most likely to be in- 
fluenced by cool blood, is unpredictable. Pelvic x-rays of 4 individuals, who 
had a flexible rectal catheter passed only 4 inches through the external anal 
sphincter, showed that the tip tended again to curve back near to the pos- 
terior wall of the pelvis. 

By utilizing a rigid rectal catheter inserted at a fixed angle and in the 
midline, it should be possible to position a thermocouple sufficiently anterior 
in the pelvic cavity so as to be beyond the direct influence of the temperature 
of blood flowing in the vessels on the pelvic wall. The problem of maintaining 
a fixed position of such a catheter is considerable in men who must vary their 
posture from sitting at rest to walking. A special catheter has been constructed 
which, makes this possible. A three-inch rigid plastic catheter is attached firmly 
to a plastic rod which is cun'^ed to fit the shape of the lower back between the 
buttocks. The upper end of this rod is attached to a flat plate, held against the 
small of the back in a canvas harness. The harness is adjustable so that a single 
catheter fits a considerable range of body sizes. A variety of postures including 
lying, sitting, standing and walking, may be assumed without appreciable dis- 
comfort or shifting of the position of the catheter. 

SUMMARY 

Studies were made to determine whether or not the distance from the anus 
at which rectal temperatures are recorded is critical beyond a depth of 2 to 3 
inches. In 8 men studied under a variety of conditions of hea.t balance and in- 
balance, temperatures near the tip of a flexible catheter inserted 8 me es 
through the external anal sphincter were in almost every_ instance lower m 
temperatures recorded simultaneously at intermediate points along the ca 
ter. Deviations observed varied from o.i" to i.;' F- ‘ „ rf 

viduals whose body temperatures were falling. X-ray films showe P 
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the catheter in a majority of instances to lie near the posterolateral wall of the 
pehas. 

The experimental data suggested that cooled blood from the surface of 
the body passing through veins in the pelvic wall adjacent to the terminal 
portion of the catheter was responsible for the deviations observed. 

The meaningfulness of ‘an index of deep body temperature’ was discussed, 
and the importance of accurate positioning of devices for recording internal 
temperatures was stressed. A rigid plastic catheter was described which permits 
reproducible positioning of a thermocouple against the rectal mucosa, suffi- 
ciently anterior in tlie pelvic cavit}' to be beyond the direct influence of the 
temperature of blood in the large vessels of the posterior pelvic wall. 

We wish to thank Dr. H. C. Bazett and Dr. H. S. Bclding for their helpful criticism of 
the manuscript. We are also indebted to Captain J. W. Eliot, Captain R. S. GriffiUi, J. R. 
Breckenridge, T. Hibbert and L. J. Moore for their technical assistance. The figures were 
drau-n by S/Sgt. A. M. Hilgendorf and Cpl. R. E. Joubert. 
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H 

^aldake pointed out that in order to obtain satisfactoty alveolar dr 
b}'’ his method the subject must expel some Soo ml. before the sample is taken 
(i), and he believed tliat if the sample were obtained after a smaller expiration 
there would be a danger of diluting the alveolar air with air from the dead space. 

He also stated that, at rest, a rise of .05 per cent CO; in the alveolar air occurs 
for each half-second dela}'’ in deliver}'^ (2). In assessing his conclusions one must 
remember that his subject delivered the samples immediately after inspiring 
and, moreover, tliat tlie issuing gas was sampled distal to the mouth. We have 
investigated the dilution of alveolar air obtained from the mouth, and in the 
course of doing so it has become apparent that it is a simple matter to obtdn 
a sample which has the same tension of CO; as one obtained by the end- 
expiratof}’ Haldane-'Pnestley technique. 

The air which passes through the upper respirator}'’ tract during e.xpiration 
raa}' be altered bx' factors other than mixing with dead-space air; for instance 
Galdston and Horwitz (3) showed that there was a slight modification of the 
composition of the gas in the supra-glottic space by equilibration with the 
glandular secretions. 

APPARATUS -AND PROCEDURE 

The apparatus dexdsed for these investigations is illustrated in the accom- 
panying figure. The principle of the method is that about 100 ml. of gas are 
removed from the oral cavity attheendof a normal exhalation, andimmediatefy 
after this a sample is withdrawn for analysis. 

After the subject has the mouthpiece in position, and nose clip applied, the 
operator carries out the sampling by simply rotating a tap through 360“ at the 
end of a normal e.xpiration. During the rotation three different channels 
leading from the oral ca\dty are successively utilized. In the initial position the 
main channel leads from the mouthpiece to the external air via an L-shaped 
path tlirough the tap, permitting normal respiration. The remaining channels 
lead from the mouthpiece, one inside the other. The outer proxndes a passage 
from the mouth through the central rotor portion of the tap to an evacuate 
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rubber bulb, such as the Politzer Air Syringe no. 288, of i8o-ml. capacit}'; it 
lies below the L-shaped passage and is the means by which some 100 ml. of air 
are evacuated from the oral cavity. It is so placed as to be opened up immedi- 
ately after the communication to the outside air has been closed. 

The inner piece of tubing leads from the mouth to the vacuum sampling 
tube. The latter is of special design (4) constructed so that one turn of its 
tap will first clear out 5 ml. of dead-space air from the sampling tube into one 
barrel and then take a lo-ml. sample into a second barrel, this being adequate 
for analysis by the Scholander method. A larger tube may be used if the Haldane 
gas analj'zer is employed. 



The glass tap of the sampling tube is clasped by a fitting which is attached 
to the lower end of the rotating part of the metal tap and is so placed that 
immediately after the evacuating bulb has withdrawn air from the upper 
respiratory passages the sampling tube is brought into communication with the 
oral cavity. When this occurs the dead-space of the tubing is first washed out, 
and then as rotation of the tap continues a sample is withdrawn for analysis. 
Finally, the full 360° of rotation are completed, and the subject is thus brought 
once more into communication with the outside air. The process of evacuation 
and sampling can be carried out in the space of a second, so that there is little, 
if any, interruption of normal breathing. 

A small strip of latex sheeting is suspended at the outlet from the tap to 
indicate the phase of respiration, and the sample is taken just as the indicator 
drops back to center, that is, at the end of expiration. The rotation of the tap has 
been carried out manually, and this has been found quite satisfactory, but for 
special purposes, such as automatic sampling using a modified sampling tube. 
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it would be an advantage to incorporate a solenoid with clockwork or electric 
motor to carr>^ out the rotation at the moment and at the speed required, lie 
total dead-space of the apparatus is less than 25 ml. 


results 

Samples of alveolar air with a carbon dioxide content dose to that found 
in Haldane-Priestley samples have been collected by the above method froms 
number of subjects. The results presented here were all obtained on one subject 
(CIV) whose respirator^’’ rate was usually about 10 per minute. He sat at rest in 

Ta«I.E I. PcRCECTAGE OF COi IN SAMPLES OBTAINED TKOM THE MOOTS 1VITH THE APPAKATC5 

described; (a), with suction; (b), mrsovr svenos 


Mean values of daily runs of 4 samples of each type 


DATK 

A. ORAt sacnoK 

n. ENT)-EXPI1lATOKy 
(\\TT0OUT srenoN*) 

DimMBCE {Ki - [s) 

ir.3.49 

5-77 

S-SO 

0,27 

1:2.3.49 

5-56 

s-50 

0,06 

t 4 . 3.49 

5-79 

5-4S 

0.31 

16.3.49 

5-33 

5-25 

0.08 

t 7 . 3-49 

S-70 

5 - 6 r 

o.op 

18.3.49 

5-74 

5.62 

0.12 

19.3-49 

S -79 

5-73 

0.06 

23 - 3-49 

5 -95 

S-So 

0.15 

24.3-49 

S-6o 

3-43 

0.17 

25 - 3-49 

5-60 

S -54 

0.06 

26.3,49 

5-73 

S-S8 

o.is 

1.4-49 

5-78 

5-63 

0-15 

1.4-49 

S-85 

S-70 

O.IS 

4.4.49 

S-98 

5.79 

0.19 

4.4-40 

5-94 

5 -62 

0,32 

5 - 4-49 

S-98 

S -79 

0.19 

24.4-49 

5-94 

S-90 

0,04 

25.4.49 

5-79 

S-76 

0.03 

Mean 



0.144 

Standard error of mean 



0.021 


a chair and experiments were all carried out in the mornings, the subject having 

eaten no breakfast. _ , 

The term ‘Oral Suction’ is used for the procedure described above, Ua 
Expiratory’ for the same procedure with the exception that the prehminar} 
evacuation was not employed. The results of experiments in which 120 collec' 
tions of alveolar air by two methods were made on one subject over a peno 
of several months are shown in table i. The Scholander method of analysis iras 


used. 

The results of a typical experiment in which 23 
dioxide content were made on one subject during 
table 2. 


estimations of the carbon 
a morning are shown in 
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These results have not been specially selected; indeed we find that the 
variability of the results with the oral suction is considerably lower than with 
the Haldane-Priestley method, as is shown in table 3, which represents a series 
made over a period of several months. 

Two short comparisons were made of end-expiratory Haldane-Priestley 
samples taken: a) while using a nose clip, and b) without a ch'p. In the first 
series there were four of each, with a mean difference of .1 per cent CO2 between 
them; in the second there were four of each with a mean difference of .05 per 
cent CO2, all those taken with a nose dip in each case being higher. Most of our 
instrumental comparisons were made vdth Haldane-Priestley samples taken 


Table a, Peeceotage of coi in samples op alveolar air 



HALDAKE-PRItSTLEY 


HALDANE-PRIESTLEY 

OiAL SUCTtON* 

UETzroo 

ORAL SUCTION 

METHOD 

5-48 

S -49 

s-ss 

S -37 

3-48 

S-So 

S.36 

S-S 3 

S. 4 a 


S -70 

S-Si 

S-aS 

S- 4 I 

S -44 

S -47 

S.87 

S-So 

S.58 

S-S6 

5.61 

S -74 

Mean 5.51 

Mean 5.51 

S -43 

S-S8 

Standard 0.047 

Standard 0.029 



error 

error 

The first six samples were taken by oral suction at intervals of one minute. Then five Haldane- 
Priestley samples were taken at intervals of five minutes. The remaining twelve samples were taken 
by oral suction and Haldane-Priestley methods alternately at five-minute intervals. 

Table 3. 

Relative variance of samples obtained by 

ORAL SUCTION 


AND HALDANE-PRIESIXEY ITETHODS 





STANDARD DEVIATION OP 


UETHOO 

KO. OF CASES 

PERCENTAGE OP COj 

Oral suction 


134 

0.083 

Haldane-Priestley . . . 


131 

0.09s 


in the traditional manner with the nose undipped, but in view of the results 
quoted which suggested contamination from the nasal passages, we used a dip 
for the later ones. 


DISCUSSION 

Many workers have felt that it would be an advantage to obtain samples 
of alveolar air without disturbing the subject’s normal breathing, and auto- 
matic sampling devices have been constructed with this objective in mind. 
The samples obtained by these methods have apparently been diluted with 
varying amounts of air from instrumental and respiratory dead space, and the 
CO2 tension has thus been lower than that obtained by Haldane’s end-expira- 
toiy method which, in the opinion of many workers, gives a CO2 tension very 
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close to thot of arterial blood. Rabo (;), rvho has reviewed the automafi: 
methods up to 1946 and whose own method is one of the most recent, found that 
his figures for COo tension were, on the average, 2.5 mm. Hg lower thantho'e 
given by the Haldane technique, and a similar difference was obtained by 
Barker cf al. (6), who in addition found good agreement between the tension 
of CO2 in arterial blood and that measured in alveolar air by the Haldane- 
Priestley method. 

Lesser (7) has attempted to remove end-expiratory samples from the 
mouth by means of a tube leading to a sampling bottle, and has obtained 
samples on an average 1.6 to 4.1 mm. Hg below Haldane-Priestley samples. 

Lambie and Itlorrissey’s method (8) involved a preliminary'’ suction pro- 
cedure ; dose agreement between analyses of simultaneous samples was accepted 
as evidence that alveolar air was obtained. 

We have recorded in one subject statistically significant differences be- 
tiveen samples collected at the end of an expiration and those collected after 
preliminary evacuation of the oral cavity. This suggests that the lower COi 
content of the end-e.xpiratoiy samples was due to dilution with dead-space 
air from the upper respiratory tract, since there was no other known source 
of contamination: the instrumental dead space was small and the sampling 
tube designed to dear it efficiently; the respiratory passages were cut oS from 
communication with the outside air during the whole process of sampling; 
and there were no valves through which contamination might occur. Sampling 
took place at the mouth itself. 

Values we have recorded represent therefore the gas composition in the 
upper respiratory passages at the moment of sampling. 

The total amount of gas we have removed is no more than is taken in 
larger sampling tubes for ordinary Haldane-Priestley collections. This is 
mentioned because at first sight it might appear that a sample is being removed 
from the lower respiratory tract. The volumes involved speak for themselves; 
the negative pressure developed in the mouth during evacuation is only in the 
region of 4 mm. Hg. 

The procedure is, in effect, the collection of a sample of approximately no 
ml., only the last 10 ml. of which is analyzed. There is minimal disturbance of 

the subject. 

Observations made on arterial alveolar air mixing should also apply to 
venous alveolar air estimations, and the technique of sampHng described in this 
paper is being modified to estimate venous CO2 tensions by an equilibration 

method. 


SUMMARY 

Mixing of alveolar air with respiratory dead-space air been studied. 
By using a mechanical sampling apparatus, which is descri e , samp 
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alveolar air closely approximating to Haldane-Priestley end-expiratory samples 
have been obtained wthout cooperation from the patient. These have been 
compared in one subject with samples collected from the end of normal expira- 
tions, and the significance of the values obtained, in relation to Haldane- 
Priestley estimations, have been discussed. 

Part of the expense of this investigation was defrayed by a grant from the Life Insur- 
ance Medical Research Fund to Dr. H. C. Bazett. 
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Effects of Tetra-ethyl-ammovium Chloride on the Cardio- 
vascular Reactions in Man to Changes in Posture 
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T 

I HE SELECTIVE BLOCKADE of autonomic ganglia by the tetra-ethyl- 
amraonium ion was demonstrated by Acheson and Moe (i). Lyons and his 
associates (2) have demonstrated that the reactivity of the cardiovascular 
system of man is markedly affected by the tetra-ethyl-ammonium ion. The 
present study was carried out to elucidate the detailed effects of this drug on 
the various reactions associated with changes in the force environment. The 
continuous method of recording previously described (3) was employed. Studies 
were carried out on the effect of the drug on the reactions produced in the 
cardiovascular system by tQting from the supine to the upright position, ex- 
posure to centrifugal force, and by the sitting posture. 

METHODS 

Eight healthy men were chosen as subjects and tests were carried ou^ 
under controlled conditions of temperature and fasting (3). A tilt table of the 
footboard type was used; each subject was instructed to stand quietly with 
the weight of the body equally distributed on both legs and to remain as re- 
laxed as possible while the table was being tilted. A belt loosely placed about 
the waist assured the subject that he would not fall forward. The position of 
the table was recorded by means of a strain gauge accelerometeri as a function 
of the component of gravity acting from head to foot parallel with the 
table top. 

Intra-arterial blood pressure was measured after puncture of the right 
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radial artery at the wrist wth a strain gauge manometer^ of the type described 

^nanometer and site of arterial puncture were 
adjusted to remain at the level of the third intercostal space at the sternal 
border throughout aU changes in body position. Venous pressure was recorded 
from the greater saphenous vein at the right ankle by means of a siindar 
manometer which was adj'usted to remain in the same position in respect to 
the site of venipuncture during changes in position. An electrocardiogram re- 
corded from leads placed on each side of the chest below the nipples activated 
an instantaneous recording cardiotachometer (5), 


Intrarcctal pressure was recorded from a strain gauge manometer attached 
to a catheter and balloon which was inserted 12 cm. above the anal 
ring. Respiration was recorded by use of a mouthpiece containing a thermo- 
couple. Ear opacity (ear volume) and ear opacity pulse were recorded by 
photo-electric plethysmographs. Plethysmographic measurements of volume’ of 
the leg were made in some subjects (7). 

Continuous recordings were made during a control period of 22 to 54 
minutes, at intervals during which the subject was tilted upright (70° from 
the horizpntal) for periods of 15 seconds or 2 to 5 minutes. Tetra-ethyl-am- 
monium cliloride was then injected into the left antecubital vein with the 
subject lying on his back in the horizontal position. Subjects i, z and 5 were 
given single injections of 5.5 to 7.7 mg/kg, of body weight slowly over a period 
ranging from 1,5 to 3.5 minutes. Subjects 4 through 8 were given doses of 5,5 
to 7.7 mg/kg, of body weight in five equally divided doses injected rapidly 
(2 to s seconds) at intervals of i to 2 minutes. When the maximal effect of the 
drug had been attained as indicated by observation of the effect on heart rate, 
the subjects were tilted upright for periods of 15 seconds or 2 to 5 minutes. 
The heart rate and blood pressure were allowed to stabilize before a subsequent 


procedure was carried out. In no instance was the interval between procedures 


less than 2 minutes. 

Two of the subjects (subjects 7 and 8) were subjected to the effects of posi- 
tive acceleration on the Mayo centrifuge (8). In these experiments arterial 
pressure was recorded simultaneously from both radial arteries. One wrist 
was supported at the level of the heart (third interspace at the sternum) and 
the other at the level of the head (external auditory meatus). During the 
control period each subject was exposed to accelerations of 2 to 5 g for periods 
of 15 seconds. A total dose of 7.7 mg. of tetra-ethyl-ammonium chloride per 
kilogram of body weight was then injected into the right antecubital vein 
while the subject remained seated in the cockpit of the centrifuge. The drug 
was injected rapidly (in 2 to 5 seconds) in five equally divided doses spaced a 


* Model P 6 -ISD- 2 SO manufactured by the Statham Laboratories, Inc., Beverly Hills, Cali- 
i These measurements were made with the assistance of Dr. 0. H. Slaughter ( 6 ). 
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intervals of one minute. Wlien the maximal effect of the drug was observed, 
the subjects were again e.\'posed to tlie acceleration. 

RESULTS 

Arlcrial Pressure and Tilting. The sequence of events that occurred when 
a normal subject was tilted upright to 70° from the supine position and main- 
tained there for 15 seconds is shown in figure i. The responses of the cardio- 
vascular system during tilting can be divided into two phases; a period of 
failure in which the arterial blood pressure at heart level decreased and a period 
of compensation in whicli some recovery of the blood pressure occurred. 

During the period of failure associated with tilting upright to 70° in the 
control studies, the systolic blood pressure at heart level fell in all subjects, 
the average decrease being 20 mm. Hg less tlian average values recorded in 
the period before the tilt (table 1). The diastolic pressure was decreased in 7 
of the 8 subjects and increased in one. The average decrease for all subjects 
was 6 mm. Hg. The lowest blood pressure occurred at an average time of 7 
seconds after the full 70° tilt was attained. (An average time of two seconds 
was required to tilt the subject from a supine to the 7o‘’-upright position.) 

The period of compensation was observed in all subjects in the control 
tests. During this period the average increase in systolic pressure above the 
lowest level reached in the period of failure was 19 mm. Hg. The average in- 
crease in diastolic pressure was 9 mm. Hg. The compensatory recovery of 
arterial pressure reached its maximum on the average 12 seconds after the 
subject was tilted upright. 

The administration of tetra-ethyl-ammonium chloride markedly af- 
fected the period of compensation as can be noted in figure i and in table i. 
When tilting was done within 15 minutes after the injection of this drug, the 
period of progressive failure was prolonged so that the lowest arterial pressure 
occurred at an average of 12 seconds after full tilt was attained. An average 
decrease of 55 mm. Hg in systolic pressure and 28 mm. Hg in diastolic pressure 
below average values in the pre-tilt period was observed in the 8 subjects as a 
consequence of this prolonged period of failure. Compensatory recovery of 
arterial pressure was practically abolished. When studies were made at longer 
intervals after injection of the drug, compensatory changes in the arterial 
pressure again were significant as recorded in table i. The period of failure 
was terminated earlier in the tilt period and the maximal decreases in pressure 
which occurred were progressively less marked. 

When each subject was tilted back to the supine position in the control 
studies, there was often a brief, slight decrease followed by a sharp increase in 
blood pressure. The average maximal increase in systolic pressure, above the 
values recorded during the inamediate low after the tilt, was 31 mm. Hg (range 
16-52). The average change in diastolic pressure for the 8 subjects was an 
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increase in pressure of 3 mm. Hg (3 of the subjects had a decrease of 1-8 
Hg). The maximal systolic pressure after the tUt occurred on the average at 8 
seconds after the table reached the horizontal position. The arterial pressure 
of the subjects then slowly decreased so that values approximating those re- 
corded m the pre-tilt period were attained 25 seconds after return to the supine 
position. ^ 

When tilting was carried out within 15 minutes after injection of tetra- 
ethyl-ammonium chloride, a slight decrease in pressure usually occurred 
immediately after the return to the supine position but this was not followed 
by the sharp increase of pressure noted in the control period. Instead both 
systolic and diastolic blood pressures increased slowly until pre-tilt values 
were attained 40 seconds after the return to the horizontal position. The average 
changes in arterial pressure that occurred during tilting and during the period 
following the return to the supine position in the 8 subjects before and after 
the administration of tetra-ethyi-ammonium chloride are illustrated in figure 2. 

In the recovery periods following periods of tilting carried out from 15 to 
30 minutes after injection of the drug, the average increase in pressure was 
49 mm. Hg systolic and 21 mm. Hg diastolic with the maximal pressure oc- 
curring at an average of 9 seconds after resumption of the horizontal position. 
The return of arterial pressure to pre-tilt values occurred in 39 seconds. When 
tilting was carried out from 30 to 45 minutes after the drug was given, these 
same values were 29 mm. Hg systolic and 8 mm. Hg diastolic with the maximal 
pressure at an average time .of 9 seconds after return to the supine position. 
Blood pressure returned to the levels before tilting in 27 seconds after resump- 
tion of the supine position. 

Heart Rate Dtmng Tilting. The changes of heart rate occurring when 8 
normal subjects were tilted upright to 70° from the supine position also showed 
two distinct phases. The heart rate increased during the period of failure and 
slowed during the period of compensation in aU subjects (figs, i and 3) . Previous 
to the administration of tetra-ethyi-ammonium chloride the average maximal 
increase in heart rate during tilting was 20 beats per minute above the average 
pre-tilt rate. This maximal heart rate occurred on the average at 9 seconds 
after attainment of the upright position and was followed 5 seconds later by 
an average maximal decrease of 13 beats per minute below this level. 

During maintenance of the upright position, when tilting was carried out 
within 15 minutes after the injection of the drug, compensatory slowing of 
the heart rate was not observed in any of the subjects (figs, i and 3). The heart 
rate continued to increase slightly throughout the period of the tilting, e 
average maximal increase in heart rate above the rate prior to tilting was 15 

beats per minute. . 

In the period of recovery following return to the horizontal P^hon, ^ 

immediate initial increase in heart rate was observed (fig. 3)- ^ ® 

studies before any drug was given this increase was followed by promp 
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ing of the rate to an average of 30 beats per minute (range 16-42) less than 
that noted during the acceleration just mentioned. The maximal slowing oc- 
curred on the average of 7 seconds after the return to the supine position. 



Fig. I. Physiologic effects produced iv a normal man by tilting upright to 70° from the 
supine position for 15 seconds before and after the intravenous injection of 7.7 mg. of tetra-ethyl- 
amraonium chloride per kilogram of body u eight. Temporarj’ loss of vision (blackout) occurred at 
the end of the period of tilting carried out 5 minutes after injection of the drug. 

Table i. Effect of iNTit,v\XNons administration of tetra-ethyl-ammonidm chloride on 
changes in arterial pressure at level of the heart induced by tilting upright 
TO 70“ from the supine position fop. is seconds 
The changes in blood pressure in each tilt were averaged for each subject. The values presented 
are the average of these values. Figures in parentheses are extreme values 


mK ATTER 
XVJECHOV TEA' 

1 

. ^o or 

SUB- 

JECTS 

! 

so or 

; TOTS 

MAXniAl DEOtEASE IN PEESSOTE' 

MAXIUAL COUPESSATOaV I^CSEASE 

IK PKESSUEE* 

S3StoUc 

pressure 

BiastoUc 

pressure 

Time of 
occurrence, 
seconds at 
70“ tilt 

Systolic 1 
pressure 

Biastohc 

pressure 

Time of 
occurrence, 
seconds at 
70* Uit 




frtm Bg 

mm Bg 


mm. Bg 

mm Bg 


Control 

s 

35 

20 

6 

7 

19 

9 

12 




(7-37) 

(-1-14) 

(5- 8) 

(11-36) 

(3-16) 

(11-13) 

s-is 

8 

17 

SS 

28 

12 

i 3 

2 

13 




(35-80) 

(19-44) 

(7-14) 

(0- 6) 

(i- 6) 

(ii-iS) 

15-30 

8 

iS 

43 

19 

8 

IS 

II 

13 




(24-76) 

(8-34) 

(s-ii) 

(9-26) 

(6-14) 

(ii-is) 

30-45 

6 

14 

29 { 

II 

9 

20 1 

II 

12 




(17-47} 

(7-15) 

(7-14) 

1 

(6-32) 

(0-25) 

(10-13) 


‘ Total dose of drug s.s-7.7 mg/kg of body weight. 

® Average pressure during 15 seconds prior to tilting minus minimal pressure during tilting; a 
negative number indicates an increase. 

’ Maximal pressure during compensation minus minimal pressure during failure. 

The heart rate then returned to the control level at an average time of 29 
seconds after resumption of the horizontal position. The immediate recovery- 
phase when tilting was carried out -within 15 minutes after injection of the 
drug differed significantly from this control sequence (figs, i and 3). The slight 
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further increase in rate i„ rate was not observed m 

observed. However, a L 3,„L so that the pre-lUt values 

any subject. Rather, the hear ^J,Jr return to the supine pose 

were regained at an average time of 41 seconds 
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tion (figs. I and 3). The average changes in heart rate produced by tilting to 
72° for 15 seconds are given in table 2. 

Olhcr Variables During Tilling. Venous pressure in the greater saphenous 
vein at the ankle increased progressively throughout each 15-second period 
of tilting carried out on 5 normal subjects (table 3). The average increase in 
venous pressure at the end of 15 seconds in the upright position was 35 mm. Hg 
pre\nous to the injection of tetra-ethjd-ammonium chloride and was 50 mm. Hg 
when tilting was carried out v.nthin 15 minutes after administration of this 
drug. The increase in venous pressure at the ankle during tilting for 15 seconds 
was progressively less as the interval between the administration of the drug 
and the tilting increased (fig. i). 

TaBIX 2. ErrECT of rNTEA\’ENOnS IN'JECnON or TETRA-ETnYE-AililOXrDlt CHLORIDE on THE 
CHANGES IN HEART RATE INDUCED BV TILTING UPRIGHT TO /0° FROH THE SUPINE 
POSITION FOR IS SECONDS 


The values presented are the averages of each subject’s average. Figures in parentheses are e.T- 
treme values. 



NO. or 
StTBjrCTS 

NO. or 
TILTS 

UAXniAL 

INXREASi: IN nEAST lATE* 

UAXniAL COXIPENSATORy 
DECREASE IN HE-VRT JLVTE* 

VTK. ATTEl LSJECITON TEA' 

Beats/tnin. 

Time of 
occurrence, 
seconds al 
70* tilt 

Beats/min. 

Time of 
occurrence, 
seconds al 
70* tilt 

Control 

8 

35 

20 

(6-30) 

8.P 

(S-12) 

(6-23) 

13.6 

(12-is) 

S-I5 

8 

J 7 

15 

(7-23) 

14.8 

(14-15) 

None 


IS-30 

s 

18 

20 

(8-31) 

14. 1 

(9-15) 

(0- 7) 

14.5 

(i 2 -rs) 

30-45 

6 

14 

16 

(13-23) 

12.0 

(ro-15) 

3 

(0- 7) 

23-7 

(12-is) 


* Total dose of the drug was s.s-7.7 mgAg- of body weight. 

* Maximal rate during tilting minus average rate during 15 seconds prior to tilting. 
’Maximal rate during failure minus minimal rate during compensation. 


"When the 70° upright position was maintained for 2 to 5 minutes (fig. 4), 
the venous pressure continued to increase until it reached a plateau at an 
average value of 89 mm. Hg. After this plateau was attained, slight variations 
synchronous with respiration were noted consistently to occur (fig. 4). The 
plateau pressures before and after the injection of tetra-ethyl-ammonium 
chloride were not significantly different and were sufficient to support a column 
of blood from the ankle up to approximately the level of the third interspace 
at the sternum. The drug, however, significantly decreased the time required 
for re-establishment of venous return from the feet (fig. 4). During control 
studies the time after tilting required for the venous pressure to increase to 
the plateau value averaged 55 seconds and ranged from 50 to 60 seconds. 
When tilting was carried out within 30 minutes after the drug was given, the 
average time required was 23 seconds with a range of from 15 to 30 seconds. 
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The^ changes in voinme of the leg (recorded for j subjects) paraUeled tht 
c langes in venous pressure (fig. i). Jn the control studies, the average increase 
m volume of the leg at the end of 15 seconds in the upright position ws 4. 
cc. (air displaced from the plethysmograph). When tilting was carried out 
Within 15 minutes after injection of tetra-etbyl-ammonium chloride (table 3) 
the average increase in volume of the leg during the rs-second period of tUting 
was 65 cc. The apparatus employed to measure changes in volume of the leg 
did not allow accurate measurements to he made of some of the larger increases 
in volume which occurred when the subjects were tilted upright for periods of 
3 minutes. It is of interest, however, that the values which were obtained 


TA'DIT. 3. Ermcr or intravenous TETRA-ETHYl-ASmONlUlt chloride on the changes in venous 

PEnS.SHRE AT THE ANKLE AND IS VOLXTME OF THE LEG INDUCED BV TILTING UPRIGHT 

TO 70° EOR 15 SECONDS 

The values presented arc the averages of each subject’s averages. Figures in parentheses are a- 
treme va)ucs. 





AVERAGE INCREASE WHEN TltTED TOR IS SECONDS 

MI.S-. ATTZb INJECTION TEA' 

SO. OF 
SVS 3 ]ECrS 

so. OF 
TZITS 

In venous pressure' 

j In volume of leg' 



In nun. Hg. 

In mm. He. 
per second 

In cc. 

In cc. per 
second 

Control 

5 

1 

n 

35 

(27-48) 

2-3 

(1.8-3. 2) 

49 

(29- 86) 

3.6 

{i- 9 - 5 ' 7 ) 

5 -rS 

1 S 

1 

50 

(34-74) 

3-3 i 

(2. 3 - 4 . 9) 

6J 

1 (39- 91) 

4.4 

(2. 6-6. 3) 

15-30 

5 

II 

48 

(30-66) 

3-2 

(2. 0-4. 4) 

6 p 

(35-106) 

1 4.6 

(2.3-7- 2) 

30-45 

5 

13 

45 

(23-64) 

3-0 

(I-5-4-3) 

72 

(39-109) 

4.8 

(2. 6-7. 8) 


' Total dose of the drug was 5.5 to 7-7 mg/kg. of body weight. 

* Venous pressure 15 seconds after full tilt was attained minus venous pressure during 15 seconds 


« Volume of leg was measured in cubic centimeters of air displaced from plethysmograph alter 
the subject was tilted upright. The plethysmograph enclosed the leg and foot below the knee. 


(average 90 cc. with a range of 46 to 122 cc.) were roughly the same before 
and after the injection of tetra-ethyl-ammonium chloride. This suggests that 
although the rate of filling of the leg (blood flow) was increased, the volume 0 
blood ultimately displaced into the leg (pooling) was not increased by tetra- 
ethyl-ammonium chloride. ^ 

The blood content of the ear (ear opacity) decreased in all subjects whe 
they were tilted upright to yo'’. The decrease was slight and occurred in assoa- 
ation with the fall of arterial pressure during the period of failure. Som 
covery of the blood content occurred during the period 
roUowing the mjection of tetra-ethyl-anrniOBVom 
of the ear decreased progressively throughout the is-second penod o 
During tilting of longer duration (fig. 4 )> slight compensa ory mere 
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ume were observed but in no instance did the volume of the ear return to a 
level approximating that before tilting. 

The changes in rectal pressure produced by tilting were unaffected by the 
injection of tetra-ethyl-ammonium chloride though the spontaneous waves 



often observed were obliterated (fig. i). The average maximal increase in 
rectal pressure in 5 subjects was 12.4 mm. Hg during tilts before the drug was 
given and 13.3 mm. Hg during tilts within 30 minutes after injection of the drug. 

Comparative Effects of the Drug on Subjects in the Supine and Seated Posi- 
tions. The intravenous injection of 7.7 mg. of tetra-ethyl-ammonium chloride 





Fig. 5. Physiologic elfects produced in a normal man in the sitting position by 5 successive 
intravenous injections of 1.54 mg. of tetra-ethyl-ammonium chloride per kilogram of body vfeiglt 
(total dose 7.7 mg/kg.). Each dose was inj'ected in a period of 2 to 3 seconds. An interval of uo 
seconds elapsed between tlie first and second doses and an interval of 60 seconds between the sub- 
sequent doses. Panel A shows the immediate effects of the first inj'ection, panels B, C, D and E were 
recorded during the period from 45 to 60 seconds after inj'ection of the second, third, fourth and fillb 
doses, respectivclj'. 
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Fig. 6. Physiologic effects produced in a noi^al man by 
tion (centrifugal force) before and after intravenous mjecUon of 7-7 mg. of tetra-ethyl 

chloride per kilogram of body weight. 

per kilogram of body weight into 2 subjects in the seated position was foUowj 
ta each instance by a decrease in systolic and diastolic blood pressure and 

acceleration of the heart (fig- s)- a a ba, the same 

A comparison of these changes with the changes ^ 

dose of the drug while these subjects were m the supine position 1 
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In both subjects, the maximal decrease in systolic pressure after administra- 
tion of the drug below the average pressure in the control period was greater 
when they were in the sitting position. However, the pressure in the control 
period before administration of the drug was higher when the subjects were 
seated than when they were supine. Consequently the percentage decrease in 
systolic pressure produced by the drug was not significantly different, for it 
averaged 25 per cent in both the seated and the supine positions. In these 2 
subjects the average maximal increase in heart rate produced by the drug was 
47 per cent when they were seated as compared to the 29 per cent when they 
were supine. 

Effects of the Drug on the Cardiovascular Reactions Produced by Exposure 
to Centrifugal Force. By its ability to block the compensatory reflexes normally 
induced by exposure to positive acceleration, tetra-ethyl-ammonium chloride 
markedly altered the reactions of the cardiovascular system produced by this 
change in the force environment. 

These alterations in the cardiovascular responses and consequent change 
in tolerance to positive acceleration are illustrated in figure 6. Before injection 
of the drug the subject maintained clear vision and responded promptly to 
light signals throughout a 15-second exposure to 3 g. The maximal decrease 
of arterial blood pressure occurred after 5 seconds of exposure to 3 g had 
elapsed. The maximal compensatory increase in arterial pressure occurred 12 
seconds after the onset of the exposure. Changes in heart rate approximately 
mirrored the alterations in blood pressure. Repetition of the exposure to 3 g 
S minutes after injection of 7.7 mg. of tetra-ethyl-ammonium chloride per 
kilogram of body weight produced a much greater decrease in blood pressure. 
These changes in blood pressure failed, however, to produce appreciable effects 
on the heart rate. The period of failure was not interrupted by compensatory 
reflexes so that arterial pressure continued to decrease throughout the ex- 
posure. Consciousness was lost after the pressure at head level had been re- 
duced to zero for approximately four seconds. Maximal acceleration was 
terminated in 9 seconds from onset and the subject recovered promptly. The 
reactions produced by an exposure to 3 g 43 minutes after the injection of 
tetra-ethyl-ammonium chloride were similar to those induced by the exposure 
which preceded the administration of tetra-ethyl-ammonium chloride. 

The changes in blood pressure at the level of the heart and of the head 
produced in 2 subjects by exposure to centrifugal force in a human centrifuge 
before and after intravenous injections of tetra-ethyl-ammonium chloride are 
sxunmarized in table 4. The compensatory increase in systolic pressure which 
occurred during exposure and which ranged from 30 to 66 mm. Hg in the con- 
trol tests was practically abolished during the 6 minutes immediately following 
injection of the drug. In the period from 14 to 43 minutes after injection of 
the drug this reaction reappeared so that the compensatory increase in systolic 
pressure during acceleration ranged from 18 to 50 mm. Hg. 
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In the 2 subjects the maximal increase in heart rate produced by exposure 
to acceleration before the drug was administered occurred on the average at 
7 seconds after the onset of the exposure. This was 2 seconds after the maxbal 
decrease in blood pressure had occurred. The maximal compensatory decrease 
in heart rate occurred on the average at 12 seconds (one second after the maxi- 
mal compensatory increase in arterial pressure). When these subjects were ex- 
posed to the same acceleration within 6 minutes after the injection of 
tetra-ethyl-ammonium chloride, the period of decrease in systolic blood pres- 
sure was prolonged. The maximal increase in heart rate occurred 14 seconds 


Tabu: 4. Effect of intravenous TETRA-ETHYiy-AMMONruir chloride on the changes in 

ARTERIAL PRESSURE AT HEAD AND HEART LEVELS INDUCED BY EXPOSURE TO 

CENTRIFUGAL FORCE' 


SUD- 

JECT 


UINUTES 

Amu 

INJECTIONS 

TEA* 

' 

MAXIMAL DECREASE IN ARtERUL 
PRESSURE, Mil. HG 5 

MAXIMAL COMPENSATORY INCREASE IN 
ARTERIAL PRESSURE MM. HG* 

Heart level 

Head level 

Seconds 
after 
onset oi 
max. X 

Heart level 

Head level 

Stcondi 

after 

oastloi 

mai.i 

Sys- 

tolic 

Dias- 

tolic 

Sys- 

tolic 

Dias- 

tolic 

Sys- 

tolic 

Dias- 

tolic 

Sys- 

tolic 

Dias- 

tolic 

5 

m 

Control 

0 

-13 

5S 



42 

16 

38 

18 

10 



2 

20 

3 

75 

47 

14 

0 

0 

0 

0 

— 



18 

6 

— II 

58 

38 

5 

32 

12 

30 

16 

10 


4.0 

Control 

II 

-5 

99 

55 

3 

62 

36 

66 

26 

9 



4 

21 

-7 

103 

64 

13 

16 

2 

10 

0 

14 



14 

21 

— I 

109 

61 

4 

46 

30 

50 

20 

■ 10 

8 

2 <S 

Control 

2 

“7 

S8 

32 

5 

42 

12 

50 

12 

13 



6 

35 

II 

6S 

40 

14 

0 

0 

0 

0 

— 



42 

16 

6 

51 

29 

5 

30 

22 

34 

18 

13 


3.0 

Control 

13 

-3 

58 

34 

5 

30 

14 

40 

12 

13 



5 

32 

14 

76 

47 

9 

0 

0 

0 

0 

— 



43 

-3 

-0 

54 

32 

5 

18 

14 

20 

10 

14 


' The exposures to centrifugal force were 15 seconds in duration. 

* The dose of tetra-ethyl-ammonium chloride was 7.7 mg/kg. of body wdght. 

* Average pressure during 15 seconds prior to acceleration minus minimal pressure during accelcn 

tion; negative numbers indicate an increase. 

* Maximal pressure during compensation minus minimal pressure during failure. 


after maximal acceleration was attained and no compensatory slowing of the 
rate was observed. Exposures to the same force at intervals of time exceeding 14 
minutes after injection of the drug were accompanied by compensatory ardiac 
decelerations similar to those produced prior to administration of the drug. 


comment 

The consequences in man of exposure to acceleratory ^ ^ 

lirection of head to foot (positive acceleration) are due largely to 5 
,f increased hydrostatic pressure in the vascular tree. The 
Dn the cardiovascular system are simUar quahtatively whether t y 
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the action of grawtj'- when man changes from a lying to an upright or sitting 
position, or whether they are due to the action of forces of greater magnitude 
generated by centrifugation. Striking cardiovascular adjustments to a change 
in tlie force environment occur within the first 1 5 seconds of the exposure. These 
adjustments are directed at maintaining arterial pressure at the level of the 
head and blood flow through the brain. 

In 1895, Hill (7) recognized the perfection of the compensating mecha- 
nisms existing in man and monkeys that enable these animals to withstand the 
effects of gra%nty produced by the upright position in which they were destined 
to exist. Subsequent studies, such as those conducted by Mayerson (9) and Green- 
field (10), have demonstrated that the compensatory responses are initiated 
by changes in arterial pressure in the carotid sinuses and aortic arch and are 
mediated reflexly through the autonomic nervous system. Arterial vasocon- 
striction is induced in this manner and arterial blood pressure is sustained to 
a degree that insures adequate cerebral circulation. After section of the nervous 
pathways of these reflexes in dogs, a fall of arterial blood pressure occurs when 
the animals are tilted to the head up position (9). 

Wood and his associates (ii) in studies carried out in human beings ex- 
posed to positive acceleration in the human centrifuge showed that a delay of 
S to 12 seconds occurred between the exposure to the changing force environ- 
ment and the occurrence of efiective compensation as indicated by a beginning 
recovery of arterial pressure after its initial fall at head level. The present study, 
in which human subjects were tilted erect to 70°, revealed a similar delay, 
averaging 7 seconds, before the appearance of compensation. As in the studies 
carried out on the human centrifuge (ii), the present investigation demon- 
strates that the changes recorded in the cardiovascular system are clearly 
differentiated into two phases. Initially, a period of failure characterized by 
a fall in arterial blood pressure at heart level and at head level was accompanied 
by acceleration of the heart. These events were terminated by an increase in 
arterial blood pressure and a subsequent slowing of the heart rate during the 
period of compensation. It is of interest that the effects of 3 and 4 'g on the 
arterial pressure at heart level of a subject in the sitting position in the human 
centrifuge were less marked than the effects of i g on the subjects studied on 
the tilt table. However, the effect of the former on arterial pressure at head level 
was considerably greater than the latter because of the greater accelerative 
force acting on the arterial column between the heart and head. In both in- 
stances it is probable that the change in pressure at head level (carotid sinus) 
is most important in initiating the compensatory cardiac reflexes which occur. 

Tetra-ethyl-ammonium chloride has been shown by Acheson and Moe (i) 
to have as its chief action the ability to block the transmission of nerve im- 
pulses through sympathetic and parasympathetic ganglia. Because of this 
blocking action, the drug abolishes reflex responses mediated through the auto- 
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no.mc Iia-vous system. Thus in subjects exposed to centrifugal force or tilu 
from the supine to upright positions, peripheral vasoconstriction which fe 
been shown to be the chief compensating mechanism responsible for ijai, 
taming an adequate cerebral blood flow is abolished. As a consequence,* 
period of failure with continuing fall of arterial blood pressure produced bv 
the upright position or e.\-posure to positive acceleration is prolonged *1 
exposure occurs within 15 minutes after injection of the drug, that is, durint- 
tie period when its blocking effect is most complete. In studies carried out 
during inter\^als of more than 15 minutes after administration of the drug, these 
effects were less pronounced for the fall of arterial pressure is terminated by the 
reappearance of some degree of compensation. The fall in arterial blood pres- 
sure, however, continues to be greater than the control for periods of more than 
30 minutes after injection of the drug (table i). This is in accord with the find- 
ings of Hooblcr end his essocietes (12) who noted the persistence of orthostatic 
hy^potension for as long as 45 minutes after administration of tetra-ethyl- 
ammonium chloride. 


WQien tlie period of tilting was prolonged to two or more minutes in the 
control tests before injection of the drug, an interval of time averaging 55 
seconds elapsed before venous pressure at the ankle reached a plateau. At the 
plateau the pressure was found to be equal to the hydrostatic pressure of a 
column of blood reaching from the ankle to approximately the third intercostal 
space. This was considered evidence that the column of venous blood at this 
moment was reaching the base of the heart. In spite of the delay of 55 seconds 
before the venous pressure leveled off and thus a similar delay in the return of 
venous blood to the heart from the lower part of the leg, the fall of arterial 
blood pressure was terminated at an average time of 7 seconds after tilting 
by a compensatory response. After the intravenous injection of tetra-ethyl- 
ammonium cliloride, the venous pressure reached the plateau level within an 
average time of 23 seconds; this period indicates more rapid filling of the 
vessels of the leg and earlier return of venous blood to the heart. The failure of 
compensation as indicated by a continued decrease in arterial blood pressure 
following injection of the drug, therefore, cannot be ascribed solely to an 
inadequate return of venous blood to the heart. 

An increase in the volume of the leg and foot has been shown to occur 
when normal human subjects are tilted to the 70° erect position from the supine 
position. The increase in volume of the leg within 15 seconds after tilting is 
greater following the injection of tetra-ethyl-ammonium^ chloride than when 
this drug has not been given. The more rapid increase in volume of the leg 
together with the more rapid rise of venous pressure at the ankle is 
that blood flow to the dependent parts of the body was increased by the njg- 
The observations made in these studies are in harmony with the concept a 
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the increased flow of blood to the dependent parts is the primary factor in the 
production of the greater fall of arterial pressure during exposure to positive 
acceleration or the erect position after injection of tetra-ethyl-ammonium 
chloride. The volume of venous blood returned to the heart probably is not 
less, but greater than that returned to the heart in the upright position before 
injection of the drug. 

However, relative to the capacity of the heart to utilize venous blood re- 
quired for the increased cardiac output necessary for the maintenance of 
arterial pressure after the injection of tetra-ethyl-ammonium chloride, the 
venous return may be inadequate. Nevertheless, there is no evidence to suggest 
tliat this is the jorimaiy deficiency responsible for the decreased tolerance to 
positive acceleration and postural hypotension produced by the drug. It may 
be a limiting factor, however, in man’s ability to compensate for the loss of 
refle.\- vasoconstriction following the interruption of reflex pathways by the 
autonomic ganglionic blockade effected by the tetra-ethyl-ammonium ion 

(13. 14)- 


CONCLUSIONS 

Studies of man’s reactions to the effects of gravity produced by tilting" 
erect to 70° from the supine position or by exposure to positive acceleration 
(centrifugal force) reveal that a fall in arterial blood pressure and an increase 
in heart rate result. These physiologic effects are quickly compensated for by 
reflex mechanisms mediated by the autonomic nervous system which produce 
an increase in arterial pressure at heart level and a subsequent slorving in 
heart rate. 

The intravenous injection of 5.5 to 7.7 mg. of tetra-ethyl-ammonium 
chloride per kilogram of body weight has been found to block these reactions 
for periods of 5 to 15 minutes so that arterial pressure continues to fall often 
to levels that produce s}'mptoms of cerebral anoxemia. The marked decreases 
in arterial pressure fail under these circumstances to produce compensatory 
alterations in heart rate. Tire compensatory cardiovascular reactions induced 
by tilting to an upright position of 70° or exposure to centrifugal force are 
gradually recovered in a period of from 10 to 45 minutes after injection of 
the drug. 

- Simultaneous studies of arterial pressure, heart rate, venous pressure 
and volume of the leg indicate that these compensatory reactions which de- 
termine man’s tolerance to the upright position or positive acceleration are 
chiefly concerned with the arterial rather than the venous side of the circula- 
tion. The failure of reflex vasoconstriction to compensate for the increased 
hydrostatic pressure in the dependent parts of the body and thus to prevent 
an increase in blood flow through these parts, rather than reduced venous 
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return to the heart, is the primary factor accounting for the reduction of man’s 
tolerance to positive acceleration after the administration of tetra-ethyl- 
ammonium chloride. 
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Cerebral Dysfunction During Negative Acceleration 
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NT 

Jl. ^ egatht; acceleration’ is the term applied to acceleration in the head 
to heart direction. This results in a force of inertia tending to force the blood 
and other body components toward the head. It is this headward centrifugal 
force tliat the pilot encounters in such maneuvers as an outside loop or turn. 
On a human centrifuge the subject experiences negative acceleration if his body 
is so positioned that the axis of the trunk is directed radially with the head 
away from the center of rotation. 

The studies undertaken by Jongbloed and Noyons (i) to determine the effects of head- 
ward centrifugal force on the circulatorj’ sj'stem remain the classical work in this field. These 
investigators in 1933, working with rabbits on a small turntable, noted a dramatic brady- 
cardia at 2I g and demonstrated by denervation of the carotid sinus that it was due to in- 
creased pressure in the carotid artery with a resulting carotid sinus reflex response and vagal 
stimulation. Five years later, Armstrong and Heim (2) subjected men to negative accelera- 
tion on one of the first human centrifuges and described facial pain and conjunctival hemor- 
rhages. A staggering gait and mental confusion were noted in one subject following exposure 
to 4 negative g for approximately 30 seconds to one minute. During the War, Ryan, Kerr 
and Franks (3) studying electrocardiograms taken on human subjects during exposures to 3 
negative g on a centrifuge, recorded a marked bradycardia and frequent occurrence of heart 
block and asystole. In one case, the period of asystole was of g seconds’ duration. They con- 
cluded that the changes were indistinguishable from those obtained when pressure is applied 
over a sensitive carotid sinus. Conjunctival hemorrhages are frequently observed in pilots 
following exposure to headward centrifugal force, and it has been suggested that confusion 
and unconsciousness occur (4). Anatomical studies at Wright Field and the University of 
Southern California (s) have revealed petechial hemorrhages and subcutaneous extravasa- 
tion of blood in the soft extracranial tissues about the heads of animals following exposures 
to negative acceleration. These hemorrhages are assumed to be due to the markedly elevated 
venous pressure that is developed during the application of headward centrifugal force. 
However, no anatomical abnormalities have been found to explain any cerebral dysfunction. 
Jasper and Cypriani (6) subjected cats to multiple lo-second exposures to —4 g, following 
which exposures microscopic sections of the brains were prepared. No abnormalities of the 
blood vessels, glia, or neurons were found. Motion pictures of the blood vessels on the sur- 
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’ Negative acceleration has been used by physiologists to describe not deceleration but a force 
of inertia acting in the heart to head direction. In order to conform with this current usage, it is 
employed in this sense in the present paper. 
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face of a monkey brain photographed through a Forbes window at -4 g at Montreal to 
and throush a luatn calvarium at -7 £ at Wright Field (7) showed no changes " the S,£ 
of tlie vessels dunng the acceleration. Recently Rushmer, Beckman and Lee (8)t£ 
^ts demonstrated roughly parallel and simultaneous increases in the carotid MteryJuS 

J2lo”, hT^T'" V applications of negative aceelerata. £ 

conduded tliat there was little tendency for the blood to burst vessel walls within ibi 
skull dunng ncgatu'c acceleration. 


This report presents evidence that severe disturbances of the cerebral blood 
supply can occur during negative acceleration as a result of the intense stimu- 
lation of the carotid sinus zone and that unconsciousness occurring during such 
acceleration may therefore be of reflex origin, and not due to cerebral vascular 
damage. 


METHODS 


Human electrocardiograms were taken during negative acceleration using 
the Sanborn Viso-Cardiette. When this instrument was mounted at the center 
of the centrifuge, it was possible for the observer to visualize the tracings as 
they were recorded and to stop the centrifuge if necessary. The electrodes were 
taped directly on the body, one placed at the sternal notch and the other over 
the apical impulse (modified Lead II). 

Blood pressures were recorded in 6 human subjects by using the Gauer- 
Wetterer Pressure Capsule (7). A small glass chamber was especially con- 
structed to fit on the end of an intravenous needle and to enclose the pressure 
capsule. This chamber was filled with normal saline solution containing 0,5 mg. 
heparin/cc., which served to transmit the intravascular pressure directly to the 
pressure sensitive element which was then located but a few centimeters from 
the puncture. The venous pressure changes in the head were measured by using 
the frontal vein in the forehead. As there is no available artery in the head, 
the radial artery at the wrist was used, the wrist being held at head level di- 
rectly in front of the eyes. A Lindemann tj^je cannula (9) was used for the 
arterial and venous pressures. 

Monopolar electroencephalograms were taken from an unanesthetized 
rabbit using the Grass electroencephalograph. A victrola needle, penetrating 
the parietal bone, 5 mm. to the left of the midline, served as one electrode, with 
a subcutaneous needle at the base of the ear serving as the other. With the 
same instrument, electrocardiograms were taken from dogs anesthetized vntn 
pentobarbital sodium (20-28 mg/kg.) using subcutaneous needles as electrodes. 
The first was inserted at the sternal notch and the second over the apical im- 


pulse (mod. Lead 11). . 

Arterial and venous pressures in the dogs were recorded direc y 

catheters placed in the carotid artery and jugular vein. These ^ 

end pressures and the vessels were ligatured around the catheters. The p 
sensitive element was the Trimount Instrument Company s type N variam 
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inductance gauge (10). The dog’s head was firmly attached to the cradle in 
which he was fixed, and the pressure gauges were mounted in a position over 
the base of the animal’s skull. Thus pressures were recorded from a point ap- 
proximately at the level of the carotid sinus. Pentobarbital sodium was used 
as a general anestlietic except where the sensitivity of the carotid sinus was 
being studied, when alpha chloralose was used. 

RESULTS 

Human Subjects. The subjects were e.\posed to negative acceleration while 
lying on their sides with the head and trunk directed away from the center of 
rotation. The legs were maintained at right angles with the trunk and thus 
were in a neutral position, transverse to the acceleration. Five subjects were 
given 2 to 6 exposures to — 3 g for 15 seconds with intervals of at least 3 minutes 
between runs. During the acceleration there was a moderately uncomfortable 
fullness and tension about the head but there was no actual pain. The sensation 



Fig. I. Electrocardiograms from 2 human subjects. Upper, Subject i, exposed to —2.5 g 
for IS sec.: AV nodal rhythm with ectopic beats; Middle, Subject z, —3 g for is sec.: slow AV nodal 
rhythm with extrasystole; Lower, Subject z, control. 

can be simulated by assuming a head-down position on the tilt-table and super- 
imposing a Valsalva maneuver with moderate force. Multiple small petechial 
hemorrhages were frequently observed in theconjunctivae, but only occasionally 
did actual subconjunctival extravasations of blood occur. Transient diplopia, 
lasting for a few minutes, was experienced twice and was then associated with 
mild peri-orbital edema. It is probable that the visual disturbance was due to 
a temporary muscular inbalance induced by the swelling of the tissues in the 
orbital fossae. 

Electrocardiographic tracings and continuous recordings of arterial and 
venous blood pressures were taken from 6 subjects during exposures to —3 g 
for 15 seconds. 

In figure i representative sections are shown of 2 electrocardiograms (mod. 
Lead II), taken during exposure of two subjects to 2§ and 3 negative g, re- 
spectively. The records show changes of the type reported by Ryan et al. (3) 
and confirm their observation of marked vagal stimulation during negative 
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Voltmt 2 

acceleration The control record is placed at the bottom of the figure 
be compared with the first record in which, during acceleration. 
las disappeared and an AV nodal rhythm has developed. In this record there 
IS coupling of a normal ventricular beat with a beat from ectopic focus as well 
as a coupling of nodal complexes. In the second, there appeared a slow AV 
nodal rhythm. The single notch occurring between the second and third com- 
plex IS probably an abortive extrasystole. In both cases, with the end of ac- 
celeration tliere was a gradual resumption of a normal rhythm. All of the 6 
sulDjccts studied showed similar electrocardiographic changes although they 
were not all as marked as in the cases presented here. None showed carotid 
sinus hypersensitivity when tested by direct external pressure on the sinus. 

The blood pressure recordings from these subjects indicated a rise of 
venous pressure of from 70 to 90 mm. Hg. The average increase in arterial 
pressure during the acceleration vras of the same order. In most cases in this 



Fig. 2. SmULTANEOUS PRESSURE RE- 
CORDiNGS from radial artery at head level 
and from a frontal vein in the forehead; 
human subject e.vposed to — 3 g for 13 sec. 


group of experiments, only a slight decrease in the heart rate occurred. How- 
ever, in 2 subjects a definite bradycardia was present. Figure 2 is a continuous 
recording taken from one of these and it will be seen that, although initially 
there was a rapid parallel rise of the arterial and venous pressures, as the run 
progresses the heart rate slows and there is a diminution of the arterial pres- 
sure and a steady rise in the venous pressure which may be due to a continued 
drainage of blood from the legs (10). Thus the arterio-venous pressure differ- 
ential across the brain decreases with increasing time of application of the ac- 


celeration. . J Nn 

Note that the longest time between heart beats is but I2 seconds. 

recording was made of the arterial pressure change during the longer penods 
of asystole demonstrated in the electrocardiographic studies. 

Animal Subjects. Electrocardiograms were made and blood pressure st^ 
were undertaken in dogs to gain further knowledge of the physiological changes 

uead id were taken during a sen« 
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of long exposures to — 7 g, each lasting 2 minutes. The most dramatic effect 
■was a pronounced bradycardia which began 3 seconds after the onset of the 
negative acceleration. Periods of asystole as long as 10 to 20 seconds and heart 
block of varying degrees ■witlr nodal and ventricular escape -^vere noted. Extra- 
systoles alternating with normal complexes and a completely regular idio- 
ventricular rhythm also were recorded. In 3 dogs it was found that such changes 
could be abolished following section of the vagus nerve. 

In 3 animals in which pressure measurements were made at the level of 
the carotid sinus, the arterial pressure in the carotid artery rose from the order 
of 100 mm. Hg to 260, 270, and 220 mm. Hg, respectively, while that in the 
jugular vein rose to 90, 130 and 80 mm. Hg, respectively. 

Figure 3 is from the records of an experiment designed to demonstrate 
the effect on arterial pressure of long periods of asystole. A dog was selected 
which exhibited marked bradycardia when submitted to negative acceleration. 


Fig. 3. SljniI.TANEOTJS ELEC- 
TROCAEDiOGRATHic, arterial and 
venous blood pressure recordings 
in a dog under alpha chloralose 
.anesthesia exposed to — 5 g before 
vagotomy. (Vertical timing lines, \ 
second intervals. Arterial and 
venous pressure scales at right.) 



and then alpha chloralose anesthesia was used for narcosis because this drug 
does not depress carotid sinus activity as does pentobarbital sodium. The record 
taken during an exposure to — 5 g, described during each 5- to 6-second period 
of asystole a precipitous fall of the arterial pressure to the venous level, 
reducing the arterio-venous pressure differential to almost zero. The second 
recording, figure 4, was taken from the same dog immediately following sec- 
tioning of the vagus nerve. The bradycardia is no longer present, the arterial 
pressure does not fall and an adequate arterio-venous pressure differential 
is maintained. The same phenomenon was observed in 2 other dogs anesthe- 
tized with pentobarbital sodium. 

To gain further information of the effect of negative acceleration on the 
central nervous system, monopolar electroencephalograms were taken from 4 
unanesthetized rabbits follo'vring exposure to — 7 g for one minute. 

The control readings exhibited the normal pattern with large variations 
both in voltage and in the frequency of the waves. The predominant frequencies. 
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varying between lo to^ 20 per second, were interspersed with bursts of more 
rapid activity. Immediately following the exposure,' some recordings showed 
a regular 6 to 8 per second voltage rhythm. Reversion to the normal pattern 
was delayed for 15 to 30 minutes. Large, smooth, slow waves, wliich can be 
seen in figure 5 were sometimes observed. They had a frequency of approxi- 
mately I per second and occurred immediately after exposure. It is probable 



Fig. 4. Recordings as in no. 
3 after vagotomy. Arterio-venous 
pressure differential is well main- 
tained, Electrocardiogram was not 
recorded for tlic first lo seconds of 
the run. 


7 NMATIVE g FOR ONC MINUTE 




TIME 
20 SEC 

2 MIM 

7 MIN 

10 MIN 

IS MIN 


30 MIN 


Fig. 5. Ei.ECXR0ENC£PHA10GRAMS 

from a rabbit before and at intervals 
folloving —7 g for i min. Time of each 
recording, approximately xs sec. 


that these waves were of intracranial origin and represent ^ Mta rhyto 
indicative of brain injury. They are similar to those observed by Goodw 
Uoyd and Hall (it) in rabbits in hypoglycemic shock. The first ewdenc 
recLry was a diminution of the intensity of these slow eomponenls. tto ate 
minutes the normal rhythm retnmed. 
eration after a 15-minute rest period had a cumulative e , p 
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frequency and voltage even further. In one of the 4 animals given 4 consecutive 
exposures, all acti\dty was extinguished and death occurred following the last 
run. 

; DISCUSSION 

^lost of the changes occurring during or immediately following negative 
acceleration are due to increased arterial and venous pressures as the blood is 
forced to the head. Jongbloed and Noyons (i) have conclusively demonstrated 
that in rabbits the reflex effects of the elevated cephalic vascular pressures are 
due to stimulation of the carotid sinus zone and the resulting vagal discharge. 
Such vagal stimulation could account for the bradycardia, the long periods of 
asystole and the heart block with resulting nodal and ventricular rhythms. 
, Figure 2 from the human subjects suggests that falling arterial pressure is 
associated with the bradycardia. Figure 4 from the dogs demonstrates during 
a period of asystole a collapse of the arterial pressure and the loss of the arterio- 
venous pressure differential. Generalized circulatory stasis must have de- 
veloped under these conditions and led to stagnant anoxia of the brain. Finally, 
electrocardiograms of humans taken at Wright Field and Toronto have shown 
that such long periods of asystole do occur in man. The conclusion seems in- 
escapable that bradycardia resulting from the stimulation of the carotid sinus 
may be so severe that the circulation to the brain becomes inadequate to main- 
tain consciousness. 

The association of unconsciousness with periods of asystole has been re- 
ported by workers studying those with hypersensitive carotid sinuses and also 
in cases of Adams-Stokes syndrome. Pertinently, Weiss and Baker (12) state 
that cardiac arrest produced by stimulation of the hypersensitive carotid sinus 
will be followed by unconsciousness in from 8 to 10 seconds wliile Penfield (13) 
di reports that in the Adams-Stokes syndrome, unconsciousness occurs following 
10 seconds of asystole. 

The electroencephalograms taken from the rabbits present additional evi- 
dence of the depression of the central nervous system that may occur during 
negative acceleration. It is interesting that Engle, Romano and McLin (14) 
while studying patients wth vaso-depressor and carotid sinus syncope, also ob- 
served during the recovery phase low amplitude, regular waves similar to those 
noted in the rabbits following acceleration. 

' Finally, although the bradycardia induced by carotid sinus stimulation 
could, in itself, account both for the confusion reported by men and the de- 
pression of the central nervous system observed in the animal experiments, 
' other factors, such as a carotid sinus reflex of the central type (12), leading 
' to cerebral depression without accompanying cardiovascular symptoms, may 
^ prove to be of comparable significance. 


140 


GAMBLE, SHAW, HENRY AND GAUER 


Volume! 


SUMMARY 

Six humans were studied in the upright seated posture during exposure to 
headward centrifugal forces up to 3 g in intensity. Electrocardiograms were 
taken and arterial and venous blood pressures recorded at head level. Doos 
and rabbits were exposed to accelerations up to 7 g in intensity and 2 minute 
in duration. Electrocardiograms and electroencephalograms and arterial and 
venous pressures were recorded. The electrocardiograms showed vagus block 
with marked bradycardia and periods of asystole. Electroencephalograms taken 
immediately after negative acceleration revealed abnormal waves suggestive 
of brain disturbances. 

The arterio- venous pressure differentials in both men and animals pointed 
to a decreased brain perfusion pressure and it is concluded that cerebral symp- 
toms occurring at levels of headward centrifugal force in the range of 3 to 5 g 
may be due to changes of reflex origin. These disturbances could result from 
the marked carotid sinus stimulation that accompanies the increase in blood 
pressure at head level. 
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A 

JL A_cheson /VND Moe (i) demonstrated that TEA (tetra-ethyl-ammonium 
ion) e.xerts its main actions tlirough blocliade of autonomic ganglia. Brown 
el al. (2) have carefully studied the effects of intravenous TEA on humans, 
particularly with respect to vascular actions. Moe and his co-workers (3) have 
demonstrated a blocking effect of TEA on the action of acetylcholine, nicotine 
and lobeline on the carotid body. Sonnenschein, Janowitz and Grossman 
(4, 5) have obtained evidence for a peripheral action of TEA in blocking the 
cutaneous axon reflexes for sweating, pilomotion and ‘itchy skin.’ 

The present study, preliminary results of which have been published (6), 
'1 demonstrates yet another action of TEA, apparently unassociated with gan- 
glionic blockade. The suggestion that TEA may have an analgesic action has 
recently been made by Hewer and Keele (7) who reported that, in two experi- 
ments, 75 mg. and too mg. of TEA bromide given intravenously brought about 
a slight relief of ischemic pain. As -will be shown, TEA raises the pain threshold 
of the finger pad (superficial pain), lowers that of the nail bed ('sympathetic’ 
pain) and leaves practically unaffected that of the tooth (deep pain)-. The 
implications of these findings lead to several interesting considerations re- 
'■ garding the mode of action of TEA, as well as the mechanisms imderlying the 
, , types of pain under examination. 

•*' t 

METHODS 

Four normal males were subjects for the 9 experiments. The tests were 
performed with thesubjectsrecumbent, in a constant-temperature room at 78° F. 
(25-5'’ C.). Pain thresholds were determined on the blackened nail bed and pad 
of the distal phalanx of the middle finger. The testing instrument utilized radiant 
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*The qualities of pain elicited from the finger pad and tooth, respectively, resemble those 
qualities described by Lewis (8) as belonging to superficial and deep tissues. Moreover, preliminary 
studies in this laboratory have shown that ‘C fiber’ pain, as in delayed or nail-bed pain, travels over 
sympathetic pathways as evidenced by the elevation of this threshold by stellate ganglion block (6). 
For this reason, we ^ve called the pain of the nail-bed ‘sympathetic’ pain. 
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heat (6, 9, 10). The stimulus, provided by an electric light of variable intensitv 
was projected onto the test area through a condensing lens as a beam 2 mm ^ 
diameter. The intensity was controlled by a variable transformer, calibrated 
in watts. The duration of the stimulus was limited to 4 seconds by an automatic 
shutter. The end-point was chosen as the first appearance of pain just at tk 
end of thc^ 4-second exposure. Before each measurement, the hand to be 
tested was immersed for one minute in a large vessel of water at 40° C-, tkn 
dried and tested immediately, ’ 

Thresholds of the tooth were determined by stimulation of the pulp,thrmigb 
a metal filling, with an induced, highly damped sinusoidal current, according 
to the method of Goetzl, Burrill and Ivy (n). The instrument, calibrated from 
o to 4.2 volts in steps of 0.2 volt, delivered impulses at approximately one 
per second. The intensities of current, measured to the closest 0.05 volt, for 
the production of two end-points were determined. These were the first per- 
ception of non-painful sensation (T-i), and the appearance of true pain, mth 
the affective component (T-2). 

At the start of each experiment two or more control readings were made 
for each threshold. Following this, 100 mg. (t cc.) of tetra-ethyl-ammonium 
chloride (Etamon chloride, Parke, Davis and Company) was injected into 
the median cubital vein within 5 seconds; threshold readings were made between 
30 seconds and 2 minutes after the injection. An additional 200 mg. of TEA 
was injected, 3 to 5 minutes later, and threshold readings repeated. Finally, 
another 200 mg, of TEA was injected, and threshold readings were taken for 
the next 25 to 30 minutes, at intervals of 3 to 10 minutes. No attempt was 
made to determine circulatory eSects of the drug, such as changes in pulse and 
arterial pressure, but note was made of the appearance of such subjective effects 
as metallic taste, cold and tingling in the extremities, drowsiness and diplopia. 


RESULTS 


The most consistent response observed, which occurred in every case, was 
the elevation of threshold of the finger pad. An average maximum rise of 12 
per cent was detected within 5 minutes after the last of the 500 mg. of TEA 
was injected. After 10 minutes, the effect gradually diminished, until at 30 
minutes this tlireshold was elevated an average of only 6 per cent. The analgesic 
response proved to be statistically significant for the entire 5- to 30-minute 
period (table i, fig. i). The threshold of the nail bed, although showing an 
initial rise during the period of administration of TEA, later feU below tte 
control value when the threshold of the pad was highest "^ough smaU> ** 
decrease in threshold is statistically signiBcant (table i), due to the reU M 
consistency of the effect in each trial. No significant change occurred m edhe 

threshold of the tooth 10 minutes after TEA. thresholds 

Figure I shows the relationship between pad and nad-bed th 
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throughout the procedure. The statistical significance of the average readings 
at each point was plotted according to t values; for comparison, the mean per- 
centage change of each threshold is represented. All points on the curve for the 
finger pad are within the 5 per cent (0.05) confidence limit, as is the low 


Table i. Effects op tea on pain thresholds 
10 minutes after 500 «i£. TEA 


STJBJECT 

t 

DATE 

TOOTR t 

j Control 1 TEA 

1 

1 TOOTI! 2 

i Control 1 TLt\ 

NAIL 

Control j TEA 

1118111 



volts 

1 volts 

valts 

1 irat/r 

C. C. P. 

2/2S/4S 

0 - 5 S 

o-SS 

2 . 6 s 

2.80 ! 

85. 0 

85.0 

no ! 

125 

C. C. P. 

3/ 8/4S 

o-SS 

0.60 

3-00 

3-40 

Si. 7 

7 S -0 

120 

130 

C. C. P. 

5/ S/48 

0.63 

o-SS 

3-00 

3.20 

60.0 

SS-o 

102 

110 

C. C. P. 

10/28/48 

0.43 

0.47 

i-iS 

1.50 

68. s 

60.0 

III 

IIS 

J.L. 

5/ 1/4S 

0.30 

0.60 

i-iS 

1. 10 

62.5 

60.0 

82 

100 

J.L 

S/12/48 1 

0.60 

0.6s 

i-iS 

1.20 j 

68.5 

60.0 

8S 

100 

A.B. 

10/28/4S ! 

0 

d 

0.30 

1.70 

1. 65 

72 -S 

70.0 

103 

120 

R. R. S. 

3/ 1/48 

i.io ! 

I .00 

1.60 

1 .60 

87.0 

90,0 

119 

140 

R. R. S. ' 

10/28/48 

0.4a 1 

I 0.40 j 

1.20 

1. 10 

68.5 

65.0 

120 

I 2 S 

Means 


0.504 

0.569 

1.844 

t- 9 So 

72.7 

68. 9 

106 

118.3 


Mean differences 4-0.005V. +o.io6v. • — 3.8W. +is.3w. 

Standard error o.oaiv. 0.060V. i.sSw. i.pdw. 

P 0.8 o.i 0.02 0.001 


Tooth I and tooth 2 refer respectively to perceptive and affective tooth thresholds. All TEA values 
are those obtained 10 minutes (8 to 12 min.) after injection of last 200 mg. TEA. P was calculated 
from the t values for mean differences. 


Fig. I. Percentage values are plotted 
for pain thresholds at the time of each meas- 
urement. The dotted lines represent the mean 
percentage changes of the 2 thresholds (nail 
and pad) for the g experiments. The solid 
lines represent the I values of the data at each 
test period. All points on the upper solid 
curve which lie above the horizontal line 
marked P = 0.05 are si^ficant within the^ 
S per cent confidence limit. Similarly, those 
on the lower curve (nail bed) below P = o.oj 
are sigmficant within the s per cent limit. 


TCA-PAIN THRCSHOUCS- 3 R 0 FINGER 



point on the nail-bed curve. The rather close parallelism between the two curves 
for each threshold indicates a relatively constant variance of the readings 
throughout the experiment. 

In contrast, figure 2, constructed in the same manner as figure i, for 
T-t and T-2, demonstrates the lack of significant effect on the tooth. Only at 
one point does T-2 become significant, while T-i nowhere reaches the 5 percent 
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even though its percentage increase is marked towards the end „f n. 

The mam side effects of the drug that have been noted by others (2) me 
observed in these experiments. Within 20 to 30 seconds of Lection riS 

bLlLoU T experienced, Mowd 

by a cold, tingling sensation in the hands and feet. When the hand to iji 

40 C. bath, the sensation was that of sudden cooling of the water. Starting 

at about 2 to 3 minutes after the final injection, cycloplegia developed which 

lasted for 30 to 40 minutes. Much of the diplopia observed was due to alack o! 

suppression of near images while fixing on a distant object. (To our knowledge 

the latter phenomenon has not been reported previously.) In two experiments' 

shortly after administration of the 500 mg, of TEA, a marked drowsinesJ 

developed, lasting 3 to 5 minutes, and associated with a ptosis that could not 

be completely overcome by voluntary effort. Of these various side effects, the 


TEA-PiMN THRESHOLDS- TOOTH 



Fig. 2. Mean percentage chances 
and the /values of the changes In the 2 ihicdi- 
olds are plotted ia the same manner as 
fig. I. T-i is the first tooth threshold, soil 
T-2 is the second. 


only one which persisted as long as the elevation of the finger pad threshold 
was the cycloplegia, which in some cases lasted longer than the analgesia. 


DISCUSSION 

It appears from the data presented that TEA selectively raises the thresh- 
old for superficial pain in association with a fall in that of ‘sympathetic pain. 
Although the curve for the nail bed (‘sympathetic’ pain) is statistically si^ih- 
cant at only one point (fig. i) , we believe that the reciprocal relationship of 
the responses between this threshold and that of the pad (superficial pain) is 
‘physiologicaUy’ significant and adds to our knowledge of the relationshj 
between the thresholds of the finger nail bed and pad. On the other hand, 
although the curve for T-2 is statisticaUy significant at one point (fig. 2), there 
is no reason to consider that the effect on either T-i or T-2 is physio ogic } 
significant. The great percentage increase in T-i towards the end 0 e - 
periment is indicative only of individual variation, as reflected by the low valu 

of P. 
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Several explanations are possible for this selective analgesia, based on 
known actions of TEA. Blockade of the autonomic ganglia cannot explain this 
effect since preliminar}’’ e.xperiments ( 6 ) indicate that procaine block of the 
stellate ganglion or the upper thoracic paravertebral ganglia raises the threshold 
of ‘s3’mpalhetic’ pain and not that of superficial pain. More likely, stellate 
block raises the threshold of 's3Tnpathetic’ pain through interruption of im- 
pulses along pathways passing through the ganglion, while the effect of TEA 
on superficial pain is not related to any ganglionic action. 

The fact that drowsiness was noted after TEA in two experiments sug- 
gests a central depressant action as the basis for the analgesia, as in the case 
of general anesthetics. Chapman ct al. (12) showed that 40 per cent nitrous 
oxide obtunds superficial pain, as tested by radiant heat; and Sonnenschein 
el al. (13), using tooth stimulation, demonstrated a significant rise in deep pain 
threshold with concentrations of nitrous oxide as low as 10 per cent or 20 per 
cent, associated with a general psychomotor depression. The fact, therefore, 
that TEA does not affect deep pain, even while producing drowsiness, mitigates 
against an action through general central depression. Moreover, the elevation 
of superficial pain threshold persisted for 25 to 30 minutes after the drowsiness 
had disappeared, whereas in the nitrous o.xide e.xperiments (13) pain threshold 
fell to normal ndthin 5 to 10 minutes of the disappearance of drowsiness pro- 
duced by 30 per cent or 40 per cent concentrations of the gas. 

Evidence e.\-ists (4, 5) that TEA has certain peripheral actions, at least 
in the skin. The inhibition of the axon reflexes of sweating and pilomotion ap- 
pears to be due to a ‘nicotine-blocking’ effect on the afferent arms of sympa- 
thetic axon branches, the latter behaving pharmacologically like ganglia. The 
mechanism of inhibition of the a.\'on refle.x responsible for ‘itchy skin’ is ob- 
scure. It is conceivable, then, that TEA may inhibit superficial pain by acting 
upon the peripheral receptor system in the skin, while not affecting the mech- 
anisms responsible for deep and ‘s3Tnpathetic’ pain. This could be accomplished 
through competitive inhibition of some substance involved in mediation of 
superficial pain. Pending further investigation, this question must remain open. 

An additional possibility is that TEA selectively blocks the nerve fibers 
responsible for superficial pain. Again, there are no reported findings to sub- 
stantiate tins hypothesis. 

Finally, a central (cortical or subcortical) locus of action may be considered, 
not in the sense of a general depression, as discussed above, but rather from 
the point of view of interference with specific mechanisms concerned with 
mediation of pain. The potent analgesic drugs, heroine, dilaudid and L-metha- 
done, manifest selective actions (6) on the three pain thresholds. Heroine (2 
mg.), for example, causes a marked elevation (73 per cent) of deep pain (T-2) 
threshold, while showing only a peak effect of 10 per cent on superficial pain 
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threshold. Dilaudid raises superficial pain threshold 17 per cent but raises the 
deep pain (T-2) threshold 71 per cent and has no significant effect on ‘sympa- 
thetic' pain. The L-methadone (5 mg.) affects all thresholds about equally (ly- 
24 per cent). No satisfactoiy explanation exists for these observations, but since 
these drugs are believed to exert their analgesic action primarily on cortical 
or thalamic centers, it might be considered that the three types of pain are 
subserved by separate central mechanisms, and that each agent has charac- 
teristic selective effects on these various mechanisms. On the basis of the above 
hypothesis, TEA could theoretically have a highly localized action on the cen- 
tral mechanism responsible for superficial pain. 

The apparently anomalous fall in ‘sympathetic’ pain threshold deserves 
consideration. It has been observed (6) that under certain other experimental 
conditions there is a reciprocal relationship between superficial and ‘sympa- 
thetic’ pain when measured on the same finger. When ‘sympathetic’ pain 
threshold is elevated by stellate or paravertebral ganglion block, the superficial 
pain threshold may decrease slightly. Conversely, when the superficial pain 
threshold of the third digit is raised by partial block of the median nerve with 
0.5 per cent procaine, the ‘sympathetic’ pain threshold decreases. These re- 
sults, along with those of TEA, suggest that the two pain systems are normally 
in balance and that inhibition of one may result in an over-action of the other. 
The basis of tliis relationship is obscure, but may be a process of cortical sum- 
mation, balance in the internuncial pool, or a peripheral effect. 

Thus, a number of possible explanations exist for the selective action of 
TEA in raising superficial pain threshold and lowering ‘sympathetic’ pain 
threshold. None of these, however, has a sufficiently firm experimental basis, 
Further investigations are in progress in this laboratory to elucidate the under- 
lying mechanisms of the effects reported in this paper. 


SUMMARY 

Tetra-ethyTammonium chloride, administered intravenously, raises the 
threshold of superficial pain (finger pad), lowers that of ‘sympathetic’ pain 
(nail bed), and leaves relatively unaffected that of deep pain (tooth). Several 
explanations for this action are considered; in the present state of our knowl- 
edge, none of these is entirely satisfactory. 
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^ Mej/tod of Measuring Fatigue by the Threshold 
Stimulus of the Achilles Taidon Reflex 
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Health, Mcdtcal College, National Taiwan Vnmrsity, Taipeh, flormm 


I 

-t-T IS INCONTESTABLE that a strenuous study on the counteiplan for the 
prevention of industrial fatigue is extremely important for increasing produc- 
tion, preventing accidents and diseases, and safeguarding ivorking capacity. As 
a matter of fact, industrial fatigue is not an individual fatigue, but a group 
fatigue. It is obvious, therefore, that the method for its measurement should 
be accurate and so simple at the same time that the degree of fatigue of the 
working group can be measured in a short time. Only methods having such 
conditions permit the determination of group fatigue, 

Wickwire cf a/, (i, 2) have reported that the threshold stimulus of the 
knee jerk may be used as a test for physical fitness. Trying Wickwire's experi- 
ments, we (3-5) have confirmed that the threshold stimulus for the knee jerk 
is raised after work, either physical or mental, and that it continues to rise 
as the work goes on. It is found, therefore, that the threshold of the knee jerk 
can be used as an index of both physical and mental fatigue. It is possible 
that, after work, the threshold stimulus of the Achilles tendon reflex is also 
raised at the same time as the knee jerk. If this is true, we may use the Achilles 
jerk for the measurement of physical and mental fatigue; with this end in view 
we have carried out the present experiments. 

Although the Achilles tendon reflex is very often examined by the clinicians, 
nobody has ever undertaken its quantitative determination, and the relation 
of fatigue with the threshold stimulus for the Achilles jerk has never been re- 
ported in the literature. 


METHODS 

For the present experiments, 305 healthy men between the ages of x6 and 
23 who showed no abnormality in either the knee or Achilles jerks were used. 
Of them 145 were Northern Chinese engaged in public works which lasted ro 
hours in the daytime. The remaining 160 young men were Japanese telegraphers; 
80 of them worked in the daytime and the rest in the nighttime. While t e 
Chinese werephysical workers, thework of the Japanese was exclurively mental, 
and lasted 8 hours every day either in the daytime or in the nighttime. 
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In order to determine the threshold stimulus of the Achilles tendon re- 
flex, we have devised a svdnging hammer attached to a protractor, the position 
of which could be freely changed through rack and pinion (fig. i). The strength 
of stimulus was increased or decreased by changing the falling angle of the 
hammer. At first the hammer is placed on the middle point of the Achilles 
tendon, its handle being adjusted to 0° of the protractor. The hammer is then 
raised to certain degrees and falls on the tendon to evoke reflex. Jendrassik’s 
maneuver should be performed with a view to deviating the attention of the 
subject under examination. 

The hammer used may be regarded as a simple pendulum moving in a 
vertical plane (its head weighed 33 gm.; its handle weighed 3 gm. and was 20 
cm. long). 

Let 6 = falling angle of the hammer; I — length of the handle of the 
hammer (20 cm.); h = vertical falling distance of the hammer; in = weight 
of the hammer (33 gm.); g = acceleration of gravity; P,E. — potential energy 
of hammer = mgh\K.E. — kinetic energy of hammer = 1/2 mv-)M =mo- 
mentum = mv, f = average force on tendon; t = time necessary for the 
hammer to come to a standstill after it has struck tendon; F ~ strength of 
stimulus required for eliciting reflex. 

h = 1 sin 6 P.E. = iitgl. sin 6 

On the tendon, P.E. = 0 = K.E. ingl. sin 0 = i! 2 iniF otv - V2 g/ Vsin 0 
li — im — ft. or f — iuv/l = in '^2 gl V^sin d/t 

Because t is small, the total force is applied before the tendon has a chance 
to move. Therefore the strength of stimulus {F) may be indicated byi? = inv = 
m '^2 gl V^sin 6 . 

Therefore the strength of stimulus is a positive function of 0 up tod = go° . 

Since Griesbach (6) reported that the double point threshold is augmented 
by exhaustion, many authors have been utilizing this test for the study of 
fatigue. We measured, therefore, the double point threshold on the malar arch 
with Sieveking’s esthesiometer at the same time as the threshold stimulus of 
the Achilles tendon reflex for comparison purpose, each threshold having been 
determined before and after work. In order to know the successive change of 
these two thresholds in the course of physical and mental work and to find if 
there exists a relation between the threshold stimijlus for the Achilles tendon 
reflex and that for the knee jerk, we have measured every two hours these 
three thresholds of 20 subjects from among the physical workers and the mental 
daytime workers, respectively. The method of measuring the threshold stimulus 
for the knee jerk has already been described in our previous papers (3,4). 

EESnXTS 

The average 6 values for each group of workers are summarized in tables 
I and 2 from which it is seen that both the threshold stimulus of the Achilles 
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tendon reflex and the double point threshold are increased after work eifle 
physical or mental. ’ 


In order to verify that the difierence of threshold before and after ml 
namely the increase of threshold after work, exists with certainty, theprobabk 
error of the difference ought to be less than one third of the difference iisell. 
Now, let us compute the average value of threshold difference d and its probable 
error PM from the difference of each subject before and after work, then 



we obtain the value of d/PPd which is 
shown in table 3. It is obvious from table 3 
that the threshold stimulus for the Achilles 
tendon reflex is infallibly raised after all 
kinds of work, whereas the increase oi 
double point threshold is certain only after 
physical work and uncertain after mental 
work. 

With regard to the successive changeoi 
the threshold for the knee and Achilles 
jerks and that of the double point threshold, 
the results in the average values obtained 
in the course of daytime work are shorn 
in figures 2 to 4, 

It is noteworthy that, regardless oi tbe 
kind of work, the threshold stimulus of the 
Achilles tendon reflex gradually increases, 
as the working hour goes by, and that its 
rate of increase nearly coincides with that 
of the knee jerk reflex so that the two curves 
showing the change of threshold stimuli 
run almost parallel with each other. As 
regards the double point threshold, the 
curve of its successive change in the course 


Fig. I. Hammering device for the 
measurement of threshold stimulus of 
Achilles tendon reflex 


of physical work is very irregular and does 
not rise in accordance with the progress of 
work. The results with reference to the suc- 
cessive change of the double point threshold in the course of mental worb 
have been omitted for the reason that its increase after work is theoretically 


uncertain. 


discussion 

It is evident that the degree of fatigue increases m 
progress of work, either physical or mental. From the fact that t e res 

stimulusforthe Achilles tendon reflex not only increases after any n 0 
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but gradually rises as the working hour goes by, it would seem that the threshold 
stimulus for tire Achilles tendon reflex may be used for the measurement of 
fatigue, particularly for the study of industrial fatigue, since our method of 
measuring threshold is both accurate and simple. It is of significance that the 
two curs'es showing the change of threshold run nearly parallel with each other. 

It is obrious that the double point threshold cannot be used as a test for 
mental fatigue for the reason already stated, and owing to its irregular change, 
it cannot be regarded as a suitable index to physical fatigue. 


Table 1. Threshold sthtolus of aciulles tendok reflex and double point threshold 
BEFORE and after PHYSICAL WORK 
{The data ghen are the average values for each group.) 



TttBxsnoLo or Acnruxs tekdo?; 
RETLEX 

double point THJtESHOLD 

1 

6 and 

jTJm. and F£. 

Before work 

14.64 ± 0.236 

18.19 db 0.199 

After work j 

26.19 ± 0-503 

23.52 db 0.185 

Difierence 

II-SS 

5-33 


Table s. Threshold stmulus of aohixes tendon reflex and double point threshold before 

AND AFTER MENTAL WORK 
(The data given are the average values for each group.) 



i 

1 THRESHOLD OF ACHILLES 
TENDON REFLEX 

DOUBLE POINT 
THRESHOLD 



0 and P£. 

mm. and PJS. 

Daytime work 

Before work 

21.25 ± 0.766 

16.29 ± 0.361 


After work 

32.50 ± 1.055 

16.46 ± 0.361 


Difference 

11.25 

0.17 

Nighttime work 

Before work 

24.38 ± 0.696 

14.60 ± 0.380 


After work j 

37.13 ± 0.984 

15.57 ± 0.419 


Difference j 

12.75 

0.97 


From the results obtained in the mental workers, it is seen that there is 
more increase of threshold stimulus after nighttime work than after daytime 
work (see table 2), which means that the degree of fatigue is greater in the 
nighttime workers than in the daytime workers. Comparing the threshold 
stimulus before work of the daytime workers with that of the nighttime workers, 
the latter shows higher value than the former. It appears from this that the 
nighttime workers were already in a state of slight fatigue before starting to 
work. The reason is apparently due to the fact that, while the daytime workers 
could start working in the morning after a night’s sleep, the nighttime workers 
had to begin their work in the evening after a whole day’s rest which could 
not completely heal the fatigue of the previous night. As the efficiency of workers 
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is in inverse proportion to the degree of fatigue, it is necessary, therefore, to 
take measures to enable them to sleep as soundly in the daytime as in fee 
nighttime. By the determination of the threshold for the Achilles tendon re- 
flex before work, it is possible to know whether or not the fatigue of the pre- 
ceding night has been entirely relieved. 


Table 3. Value of d/ped 



THaESHOLD OF ACttMES TENDOrf 
REFIXX 

DOUBLE POINT THRESBOID 

Physical work (daytime) ^ 

31.4 (significant) 

26.6 (significant) 

Mental ^York (daytime) 

19.0 (significant) I 

o.4(msignificant) 

Mental kvork (nighttime) 

1 

15.7 (significant) j 

2.8 (insignificant) 



Eg. Sdccesswe chmoe of «■>« “ *>■' 

It is noteworthy « d — b^e 

rorkers is much lower *an ‘h experiments at the imexpect- 

:n reality, we were ^ two poups of workers, one being 

- knee .tk is iowerea . 
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a result of the administration of \atamin Bi. In the present experiments, the 
physical workers were Northern Chinese whose staple food consists of cereals 

e 



TIME 

Tjg. 3. Successive change of threshold stimulus in the course of mental work 
mt 



Fig. 4. Successive change of double point threshold in the course of physical work 

which are rich in vitamin B, while the mental workers were Japanese eating 
principally polished rice. It has been pointed out (8, 9) that, contrary to Japan, 
beriberi is not known in North China where polished rice does not serve as 
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staple food. The difference in the normal threshold stimulus of the Achilles 
tendon reflex between llie two groups of workers is, therefore, presumably due 
to the different supply of vitamin Bi. 

SUMMAHy 

Using a special hammering device, experiments on 305 workers have been 
carried out in order to determine whether or not the threshold stimulus for 
the Acliilles tendon reflex could be used as a test for both physical and mental 
fatigue, the threshold stimulus for the knee jerk and the double point threshold 
having been measured at the same time for comparison. 

The threshold stimulus for the Achilles tendon reflex is raised after either 
physical or mental work both in the daytime and in the nighttime. As the work- 
ing hour goes by, the threshold stimulus for the Achilles tendon reflex increases 
in parallel with the threshold stimulus for the knee jerk. Accordingly, the 
threshold stimulus of the Achilles tendon reflex may be used as a test for 
measuring physical and mental fatigues. It seems to be particularly suited for 
the study of group fatigue, such as industrial fatigue, for the reason that the 
procedure of the threshold measurement is accurate and rather simple by the 
author’s method. Although the double point threshold increases with certainty 
only after physical work, it cannot be used as a test for physical fatigue, as it 
does not increase in parallel with the progress of work, showing even irregular 
fluctuation in the course of the working hour. 

Measures should be taken to enable night workers to sleep as soundly in 
the daytime as in the nighttime, so that their fatigue of the previous night 
may be completely healed by the sound sleep of a whole day. The determination 
nf the threshold for the Achilles tendon reflex before work makes it possible to 
tnow whether or not the fatigue of the preceding night has been entirely re- 
lieved. 
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Relationship Between Body Build and Capacity for Exercise 

H. CULLU 5 IBINE. From the Department of Physiology and Phar- 
macology, University of Ceylon, Colombo, Ceylon 


j^-^RiNG THE COURSE of a routine assessment of the physical fitness of 
some 7000 Ceylonese subjects (i), data on the relationship between body build 
and capacity for various types of exercise have been collected. Male and female 
subjects from the age of 10 years upwards performed the following tests: a) 
The Harvard Step Test (2), from which the fitness index pulse and the fitness 
index blood pressure (3) were calculated; b) the Endurance Step Test (3), 
which consists of stepping on a 20-inch step at a rate of 45 step-up and step- 
down cycles per minute for as long as possible, from which the endurance time 
(3) of each subject was obtained; c) the Exhaustion Step Test (4), which con- 
sists of stepping on a 20-inch step at a rate of 30 cycles per minute for as long 
as possible and from which the exhaustion time was obtained; d) a Strength 
Test (5), which consisted of lifting a aeries of graded weights a height of 20 
inches from the floor; and e) a Speed Test (4), which consisted of running 100 
yards as fast as possible. 

In addition for each subject the following measurements were made : height, 
weight, surface area (Du Bois), chest circumference (rest), chest circumference 
(inspiration), chest breadth, chest depth, chest length, bi-acromial diameter, 
bi-iliac diameter, leg length and bi-zygomatic diameter. From these measure- 
ments the following indices have been calculated: weight/height, leg length/ 
height, bi-acromial/height, bi-iliac/height, chest circumference/height, bi-iliac/ 
bi-acromial, chest depth/chest breadth, chest length/sitting height, chest 
breadth/sitting height. 


RESULTS 

The coeflficients of correlation between the fitness indices obtained from 
the 5 fitness tests and the anthropometric characters have been calculated for 
various groups of subjects. The fitness indices vary significantly with age and 
sex (4) so that generally we have considered each sex and each age or age group 
separately. Except when stated otherwise, the following figures refer to males 
of the age group 21 to 25 years; similar results were obtained for females and 
at other ages. 

Fitness Index Pulse {Harvard Step Test). For our groups of subjects the 
fitness index pulse is correlated significantly with bi-iliac diameter/height. 
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chest circumference/height, the bi-iliac diameter and the bi-zygomatic di- 
ameter, but is not correlated with any of the other anthropometric characters 
(table i). 

Table i. Correlation between fitness indices and anthropometric characters (maii 

CEYLONESE SUBJECTS AGED 21 TO 2S YEARS, NUMBER OF SUBJECTS IN GROUP, 406 ) 


FITNESS INDEX 


ANTnRoro- 

IIETRIC 

CHARACTER 


Fitness index bi-iliac/ht. 


Fitness index 


Endurance 

time 


ting pulse 
rate 


chest cir- 
cum/ht. 
bi-iliac 
diam. 

bi-zygomatic 

diam. 

wt/ht. 
chest depth/ 
chest 
breadth 
chest 
breadth 
chest length 
weight 
height 


acromial 

chest dr- ' 
cum/ht. 
chest 1. /sit- 
ting ht. 
chest length 
bi-iliac 
diam. 
weight 


coEr. or 

CORREL. 

SICMIF. OF 
CORREt., 1 
P 

+0.3014 

+0.2737 

O.OI ] 
<0.02 

+0.2432 

<0.05 

+0.2079 

0.05 

—0.3201 

+0.3114 

O.OI 

O.OI 

—0.2492 

0.02 

—0.2120 

-0,3438 

—0.2762 

0.05 

<0.01 

O.OI 

-0.2451 
— 0.2114 

0.02 

0.05 


ANTHROPO- 

METRIC 

CHARACTER 


tolic blood chest 1. /sit- 


pressure 


ting ht. 
weight 
height 


COEF. OF 
COHREL. 


-0.2438 
— 0.2992 

+0.21327 

+0.2842 


Strength 


surface area 
chest dr- 
cum/ht. 
chest dreum. 
chest 
breadth 
leg length 
bi-iliac 
diam. 

bi-acromial 

diam. 

bi-zygomatic 

diam. 

weight 


0.6100 < 0.001 

0.2384 0.03 

0.2952 o.oi 

0.2554 0.02 

0.2778 0.01 

0.3705 0.001 

0 . 243 s O’OJ 

0 . 31 SS 0*01 

0.2857 0.01 


—0.2488 I 

+0. 2848 

-0.2552 

—0.2219 

-0.2409 


and 40 years inclusive. ^ 

We have already shown that the fitnesyndex found that 

negative fashion with the resting pulse r^t® ( )3 char- 

the chest circumference/height and ^e bi-ih 

acters, are significantly but gtness index pulse because 

(table i). Do these two characters influence the fitness m p 

they influence the resting pulse rate? 
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If we calculate the coefBdent of partial correlation between chest cir- 
cumference/height and fitness index pulse, keeping pulse rate constant, we get 
a value of +0.2011 {P = 0.05), which is just significant. Calculation of the 
partial correlation coefficient between bi-iliac diameter and the fitness index 
pulse, keeping pulse rate constant, gives a value of +0.1742, which is not 
significant. 

Fitness Index Blood Pressure {EarjardSlep Test). This index is significantly 
and negatively correlated with w'eight/height, chest breadth, chest length, 
weight and height, and there is a positive correlation with surface area and 
chest depth/chest breadth (table i). The fitness index blood pressure is also 
negatively correlated mth the resting systolic blood pressure (6) which in turn 
is positively correlated (table i) with w'eight and height in our groups of sub- 
jects. The partial correlation coefficient, keeping the resting systolic blood con- 
stant, betw'een fitness index blood pressure and weight is —0.2804 (P = o.oi), 
and that between fitness index blood pressure and height is — 0.1081 (P = 
>0.05). Therefore, the influence of height upon the fitness index blood pressure 
is due solely to its influence upon the resting systolic blood pressure. 

Endurance Time (^Endurance Step Test). Endurance time is correlated in a 
negative way with the bi-iliac diameter and the bi-iliac/bi-acromial index 
(table i). That is to say, that those subjects wth narrower hips performed 
severe exercise, involving the assumption of a rapidly increasing oxygen debt, 
for a longer time than did those subjects with broader hips. 

Strength is positively and significantly correlated with surface area, chest 
circumference/height, chest circumference, chest breadth, leg length, bi-iliac 
diameter, bi-acromial diameter, bi-zygomatic diameter and weight. That is to 
say that the stronger subjects were those with the broader hips, the broader 
shoulders, the broader chests, the broader faces and the bigger weights and 
surface areas. 

Exhaustion Time {Exhaustion Step Test). This shows similar and positive 
correlations to strength with, in addition, a significant correlation with height 
(coefficient of correlation = +0.2742; P = o.oi). 

Speed gave exactly similar correlations to those given by exhaustion time. 

SIGNIFICANCE OF RESULTS 

Racial Diferences. Our data indicate that exercise performance ability is 
correlated with certain anthropometric characters. The existence of differences 
between anthropometric measurements and indices for subjects of different 
racial extraction is well established; we should expect, therefore, to find racial 
differences in exercise ability. That such differences can be detected has al- 
ready been indicated by us (5), and our present data throw further light on 
this problem. To take our age group 21 to 25 years as an example, the following 
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different racial groups of subjects are obtained 

The fitness index pulse does not vaiy significantly between the racial groups 
but yet there are significant differences between the races when we consider 
the anthropometric characters, bi-iliac/height, chest circumference/height and 
bi-zygomatic diameter (7), which characters are related to the fitness index 
pulse. There are other factors which can influence the fitness index pulse. Thus 
we have shown that it is correlated negatively with the resting pulse rate (6), 
and with leg muscle development (4). 

Neither resting pulse rate nor leg muscle development vary significantly 
with race (8, 9) which is in conformity with the absence of significant differ- 
ences between the mean fitness indices for the racial groups. 

Significant racial differences are to be found in the case of the fitness in- 
dices, fitness index blood pressure, endurance time, strength, exhaustion time 
and speed, and these , differences will be seen to parallel to a good degree the 
relevant racial differences noted between the anthropometric characters, if we 
remember that endurance time is negatively correlated with bi-iliac/bi-acromial 
and with bi-iliac diameter and that fitness index blood pressure shows both 
positive and negative correlations (table 3). 

Therefore, where racial differences in fitness indices are evident, these are 
mirrored by similar differences in the co-related anthropometric characters. 

Environmental Differences. The fitness of subjects also varies with their 
gross environment (5). Thus, Ceylon can be sharply divided into the City of 
Colombo, the wet zone and the dry zone. This division is made chiefly on the 
basis of the average rainfall during the S.W. Monsoon and it is a distinct division 
from the points of view of the fertility of the soil, the prosperity, the nutrition 
and the health of the people. The differences between the mean fitness indices 
of the groups of subjects (Sinhalese, aged 21 to 25 years) living in these three 
distinct environments are shown in table 4. 

These groups of people also show significant differences between their mean 
anthropometric characters and it is evident from a study of table 3 that there 
is a very close correlation between these anthropological differences and the 
differences noted to exist between their fitness indices. This is true for all the 
fitness indices and the body measurement differences would seem to form a 
reasonable basis for the explanation of the differences between the fitness of 


the peoples of the three environments. 

Economic Status. We have also classified our subjects according to their 
economic status. This classification is based upon family income records, an 
the occupations, ages and number of people in the family. The 
economic levels have been distinguished: a) Low Income Grot^p, with a fa^ 
income of less than 20 rupees per month per adult consumption ) 
meiiate Income Group, with a famUy income of between 20 and 50 rupees p 
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Values are mean ± standard error of the mean. P = probability. Strength is measured in kg. weight lifted. The time indices are given in 
seconds. Speed is measured by the time to run 100 yards. 
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month per adult consumption unit; and c) Higher Income Group, with a family 
income of more than 50 rupees per month per adult consumption unit. The 
differences between the mean fitness indices of subjects from these economic 
groups are detailed in table 3 along wth the corresponding, relevant differ- 
ences in the anthropometric characters. Again a good agreementbetween anthro- 
pometric differences and fitness differences is to be noted. 


Table 4. Ikthience or ekviros'.\jekt upon fitness of Ceylonese males aged 21 to 25 years 


riTNTSS IKDEX 

rKMlOKUENT 

Ko. or 

SUBJECTS 

MEAK i 
Ija)EX ; 

s,K. or 

SICMnCAKCE or DirrERENCE 
BETUXEN JIEANS 

Fitness indc-T pulse 

wet zone ! 

62 

88.8 ■ 

ra 



drj' zone 

127 

82.7 

WSM 

< wet, P = 0.001 

— 

Colombo 

iS» 

84.1 

■Q 

< wet, P = o.oi 

Fitness index blood pressure 


57 

76.0 

1.94 




IZ 2 

80.4 

0.42 

> wet, P = 0.0s 



145 

76.6 

3-29 


Endurance time 

wet zone 

62 

66.2 

5-09 

< dry, P = 0,02 


drj' zone | 

123 

795 

4-07 

< Colombo, P = 0.05 


Colombo j 

126 

88.6 i 

1 

2.83 

> wet, P = o.oor 

Strength 

wet zone 

38 

9 S-S 


> dry, P = o.oi 





nn 

> Colombo, P < o.oor 


drj' zone 

91 

88.9 

mm 

> Colombo, P <0.001 


Colombo 

97 

78.1 

nl 


! Exhausdon time 

wet zone 

60 

96.2 

53-6 

> P < O.OI 

, 





> Colombo, P = 0.001 


dry zone | 

I 2 S 

74.0 i 

49.6 

> Colombo, P = 0.001 


Colombo 

130 ; 

1 

51-7 

47.5 


, Speed 

wet zone 

60 



> Colombo, P =* 0.001 

! 

dry zone 

125 




■1 

Colombo 

130 


mm 



Values are mean ± standard error of the mean. P = probability. Strength is measured 
in kg. weight lifted. The time indices are given in seconds. Speed is measured by the time to 
run 100 yards. 


The reality of the racial and environmental differences in fitness is well 
illustrated by an analysis of the variance of our results. Two typical analyses 
are given in Appendix A. 


DISCUSSION 

The relationship between exercise ability and body configuration has been 
remarked by many observers (2, 4, 7, 10). Thus, in agreement with our own 
findings. Seltzer (7) found that the people with the narrower hips were less 
efficient than others in performing moderate effort but were more efficient in 
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performing severe effort. The relationship which we have identified between 
the vanous fitness indices and the anthropometric characters do help to ex- 
plain, in part, differences between the mean fitness indices of subjects of various 
racial, environmental or economic groups. The relationship between anthro- 
pometric differences and fitness indices differences is, however, not perfect. 
Tins is probably because other factors are involved in determining exerdse 
ability. Thus, in all, for our own group of 7000 subjects we have found (6, n 
12) significant correlations between: ’ ’ 

a) Fitness Index Pnlse and bi-iliac/height, chest circumference/height, bi-iliac 
diameter, bi-zygomatic diameter (positive correlation), leg muscle develop- 
ment, resting pulse rate and resting diastolic blood pressure (negative cor- 
relation) ; 

h) Fitness Index Blood Pressure and chest length/chest breadth (positive cor- 
relation), weight/height, chest breadth, chest length, weight, height, resting 
systolic blood pressure, and resting diastolic blood pressure (negative cor- 
relation) ; 

c) Endurance Time and vital capacity (positive correlation) bi-iliac diameter, 
bi-iliac/bi-acromial, and leg muscle development (negative correlation); 

d) Strength and surface area, bi-iliac diameter, bi-zygomatic diameter, chest cir- 
cumference/height, leg length, bi-acromial diameter, weight, chest circum- 
ference, chest breadth, resting systolic blood pressure, arm muscle develop- 
ment and resting blood hemoglobin level (positive correlation) ; 

e) Exhaustion Time and similar factors to these enumerated for strength ex- 
cept that height is also positively correlated and there is no evidence ol 
correlation with muscular development; 

/) Speed has the same factors as for exhaustion time, but is correlated with kg 
muscle development. 

We see, therefore, that strength, exhaustion time (which measures the 
ability to perform moderate muscular effort for a prolonged period) and speed 
of movement are very similarly related with body measurements, resting sys- 
tolic blood pressure, muscular development and blood hemoglobin level. They 
are in fact correlated, in general, with those physical and physiological charac- 
teristics w'hich increase with age during growth and they, themselves, also in 
crease with age. Significant correlations are, however, obtainable even when 
the influence of age is eliminated as can be shown by calculating the partial 
correlation coefficients, keeping age constant, or by the data in table 5 where 
the mean characteristics possessed by Ceylonese subjects, of the same age (21 
years) and grouped according to their strength, are given as an example. 

The increase of strength, exhaustion time and speed with age may, t ere- 
fore, be due to the increase of the co-related physical and physiological charac- 
ters. Thus, for our group of 7000 subjects, weight, height, surface area, i J 
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diameter, bi-zygometric diameter, bi-acromial diameter, leg length, chest cir- 
cumference, chest breadth, chest length, chest circumference/height (13), arm 
(but not leg) muscle development (9), the systolic blood pressure at rest (8) 
and the hemoglobin content all increase with age to reach maxima in early 
adult life. Most of these characters, too, are greater in Ceylonese males than 
in Ceylonese Females, and the males tend to have the greater strength, the 
greater exhaustion time and the greater speed. 

Not all of these factors are, of course, equally important and many of 
them are inter-related with each other (e.g. systolic blood pressure with sur- 
face area, weight etc.) so that this relationship wdth fitness may be indirect, 

Table s- Mean oiaracteristtcs of Ceylonese sobjects (aged 21 years) grouped according 

TO strength 


nrYsicAL 0* pmrsroLOcicAt cnA»ACTEX 

STRTNcnr CRom* 

>8i.s ks. (n <= 60) 

57.3 to 81.S ke. 

(0 ” issl 

< 51-3 tg. (n " 90) 

Surface area 

r.dSodr .OC»12 

1.574 ± .00012 1 

1.529 ± .00013 

Bi-iliac diam. 

26.6 

± 0-337 

25-3 

± 0.303 

24-3 

± 0.379 

Bi-zygomatic diam. 

I 2 - 7 S 

±0.178 

12.20 

± 0.173 

11.86 

± 0.126 

Bi-acromial diam. 

37.06 

± 0.487 

34-86 

± 0.476 

33-88 

± 0.448 

Weight 

60. 1 

± 0.83 

S6.6 

± 0.76 

49-5 

± 0.81 

Height 

t6S.6 

± 1.80 

162.3 

± 1.32 

160.4 

± 1.45 

Chest drcum. (rest) 

84. 6 

± 0.46 

81.4 

± 0.88 

79.1 

± 0.59 

Chest drcum (inspir.) j 

89-3 

±0.79 

85-9 

± 0.74 

83.8 

± 0.60 

Chest drcum. (ht.) 

0-525 ± 3 - 8 x ; 

0.506 ± 1.5X 1 

0.500 ±1.31: 



lo-^ 1 


io~< 


lO”* 

Chest breadth 

26.73 

± O.S 7 S 1 

24.7 

± 0.363 

24.B 

± 0.421 

Leg length 

106. s 

± 0.75 i 

103.7 

± 0.41 

IOI.4 

± 0.42 

Arm muscle develop. 

30.2 

±0.31 

28. 8 

±0.26 j 

27.6 

± 0.28 

Systolic blood pressure 

114.6 

±3-02 i 

104.5 

± 2-53 

ZOI.9 

± 2.31 


Values are mean ± standard error of the mean. Surface area is measured in m’. Weight 
is measured in kg; other measurements in cm. 


but they do illustrate the type of subject who has the better performances at 
different exercise tasks and they agree, in general, with the findings of Woods, 
Brouha and Seltzer (10) and others, using somatotype ratings. 

Fitness index pulse, fitness index blood pressure and endurance time are 
all indices which decrease with age and are correlated negatively with leg mus- 
cle development (4). The pulse and blood pressure indices are also correlated 
negatively with resting pulse rate and with resting blood pressure (6). Why do 
these indices decrease with age? 

Leg muscle development is not influenced by age (9) but the resting sys- 
tolic blood pressure increases with age to reach a maximum in early manhood 
and this rising blood pressure would favor a fall in the fitness indices. On the 
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other hand the fitness index-pulse is correlated negatively with theresUnsn* 
rate and the rest, ng pulse rate decreases with age, which decrease would L 
a nse in the fitness index pulse. Again, the endurance time is correlated oosi 
tively with the vital capacity (i i) hut the latter also increases with age to read, 
a maximum in adult life. The anthropometric characters also tend to increase 
or to remain constant with age so that, on the basis of the resting physical or 
physiological characters alone, we cannot account for the decrease with aged 
the fitness index pulse, the fitness index blood pressure and the endurance time. 

Thus other factors than the purely physical characteristics of the body 
may be important. The hemoglobin content of the blood, for example, is greater 
in Ceylonese males than in Ceylonese females, is greater in subjects of the wet 
zone tlian in those living in the dry zone, is greater in subjects from the higher 
income group and is greater in Sinhalese subjects than in Ceylon Tamil, Ceylos 
Moor or Indian Tamil subjects (14). Strength, exhaustion time and speed, m 
have seen, have a similar variation. 

Arm muscle development, like strength, is greater in adult Sinhalese than 
in Ceylon Tamils and Indian Tamils, but the Ceylon Moor adult male has 
better developed arm muscles relative to height than has the Sinhalese man 
(9) and yet the Sinhalese are the stronger. Leg muscle development does not 
vary between the Ceylonese races, but it does vary with environment. Thus, 
male subjects, aged 21 to 25 years and living in Colombo, have better developed 
leg muscles than have male subjects living in the dry zone (9) and, although 
endurance time is correlated negatively with leg muscle development, the 
Colombo subjects have a greater mean endurance time than have the dry me 
subjects. Therefore, variations in muscular development alone cannot explain 
all the variations in fitness noted to exist between subjects of different races 
and from different environments. 

Vital capacity is correlated directly with the endurance time (ii) but, al- 
though the Sinhalese male adult gives the longer mean endurance time, the 
Ceylon Tamil has. the greater vital capacity (15). 

Our physical correlations do help to explain why some groups of subjects, 
e.g. the Indian Tamils, have a high mean fitness index blood pressure but a 
low mean fitness index pulse. 

It should be noted that all our subjects were examined in their own en- 
vironment and, although these examinations were made during the so-called 
‘cool’ season of the year, variation in environmental conditions was inevitable. 
It might be suggested that the variation in fitness indices, shown by subjects 
from the varying environments of Ceylon, was due to the variation in the at 
mospheric conditions under which the tests were performed. We have, 
been unable to detect any significant correlation between ^ 

and the atmospheric temperature, the relative humidity and effective e p 
ature (ranges of effective temperatures, 68° F. to 80° F.). 
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SUilitARY 

Data obtained during the assessment of the physical fitness of 7000 Cey- 
lonese subjects have been compared wth the anthropometric characteristics 
of these subjects. Some significant correlations have been identified. The 
significance of these correlations in explaining the noted differences in fitness 
between subjects of different racial, en\aronmental and economic groups is dis- 
cussed. 


APPENDIX A 

Atialysis of Variance (Fitness Index Pulse). A full analysis of the total variance has not 
been made. Our data are not homogeneous and many groups and sub-groups of our analysis 
of variance tables contain no observations. A partial analysis has been made using the data 
for the age groups 10 to 13 years, 14 to 16 3'ears and 21 to 35 years for Sinhalese and Ceylon 
Tamil male and female subjects. In this case the \-ariance can be divdded as follows: 


SOrSCE OF VAWAXCE 

VARIAXCE 

Dzcaixs or 

7&£EZ>0U TOE 
rsnxtATE 

' Race 

7*0 

6 

Sex 

Sooo 

3 

Ase 

S5io 

3 

Eavironiatnt 

1500 

3 

Resdoal 

368 

33IS 


Calculation of the simple variance ratio (F) for each source of variance gives the follow- 
ing values: 

Race/Residual, F = 2.650 (P <0.05 & >0.01) 

Sex/Residual, F = 18.658 (P <o.ooi) 

Age/Residual, F = 32.16 (P <o.ooi) 

Environmcnt/Residual, F = 5.596 (P <0.01 & >0.001) 

AH these are significant and the relatively greater importance of age and sex in deter- 
mining the variance of the fitness index (pulse) of a population is well illustrated. 

Analysis oj Variance (Strength). As many of the possible groups and sub-groups in the 
dassificationof our data are lacking, a full analysis of variance has not been possible. A partial 
analjsis has been made, using the strength data for the age groups 10 to 13 years, 14 to 16 
years and 21 to 25 years for Sinhalese and Ceylon Tamil male and female subjects. In this 
case the variance can be divided as follows: 


soncE or vaeukce 

VAEIANXE 

DECEEES or 
EEJEXPOU rOE 
ESmCATE 

Race 

xooo 

6 

Sex 

18,170 

3 

Age 

S450 

3 

Eoviroament 

1433 

3 

Residual 

300 

3788 

Calculation of the variance ratios (F) gives: 

Race/Residual F = 3.35 (P <0.01 & >0.001) 



Sex/Residual F = 60.57 (P <o.oi) 

Age/Residual F = 28.15 (P <o-ooi) 

Environment/Residual F = 4.77 (P <0.01 & >o.oor). 

All these are significant and the greater importance of age and sex in determining 
strength is well illustrated. 
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Effects of Active and ‘Passive’ Limb Movements Upon 
Respiration and 0^ Consumption in Man 


E. R. BAHNSON,« S. M. HORVATH and J. H. COMROE, Je. 
From the Departments of Physiology, Pharmaeology and Physical 
Medicine, Graduate School of Medicine, University of Pennsylvania, 
Philadelphia, Pennsylvania 


n..™.. 

Winterstein, Hasselbalch and Gesell to explain the regulation of respiration 
upon a single basis, it has become apparent that the minute volume of breath- 
ing is the resultant of many factors operating concurrently in the same or 
opposite directions, “The most important discovery of the last century (in 
respiratory physiology) has been the realization that respiration is controlled 
not by reflexes alone, not by chemical stimulation of the medulla alone, but 
by the proper interaction of both factors. Respiratory alterations . , , cannot 
be explained by any single simple theory but only by a consideration of a number 
of known and probably many unidentified factors” (i). 

More recently there has been an attempt to place this multiple factors concept upon a 
mathematical basis (2). However, the quanlitalivc rdle played by each of these factors is 
still a controversial matter. This is particularly true of reflexes, stimulant to respiration, 
associated with movements of the limbs. On the one hand, Comroe and Schmidt (3) feel 
that though reflexes do arise from passive movements of the limbs, they play a relatively un- 
important r 61 e in the regulation of respiration during any but very mild exercise because 
they produce only a mild hyperpnea, and do not provide for adjustment of pulmonary ventil- 
ation to the work done but only to the rate and extent of limb movement. Von Euler and 
Liljestrand have also produced evidence indicating that limb reflexes are relatively unim- 
portant (4), On the other hand, Harrison el al. (5) believe that the “increase in ventilation 
produced by mild muscular exercise is reflex in origin.” Asmussen and associates (6-8) have 
concluded that the increase in ventilation during light exercise is most likely due to reflexes 
from the working muscles. In addition. Gray (2) has expressed the view that, “This con- 
clusion (that the limb refle.xes play a negligible r 61 e in active exercise) is wholly unjustified. 
It has been reported that passive exercise of one leg in human subjects produces an average 
increase in ventilation of 40 per cent. If it can be assumed that the passive nature of the 
exercise prevents any change in metabolic rate it can be calculated that a considerable 
hypocapnia and alkalemia must have resulted. The reflex must have been so powerful that, 
acting alone, it should increase respiration 520 per cent. Contrary to the original conclusion, 
this analysis implies that themusclereflexesmay playa major rolein mediating the respiratory 
response to exercise.” 
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The studies to be described were performed to determine more preciselv 
the portion of the hypeipnea of muscular exercise that may be attribufpfi 
passive movements of the limbs. 


METHODS 

Realthy young adults, accustomed to laboratory procedures, served as 
subjects. They were resting, but not basal, at the beginning of each study. All 
test procedures were performed at least once upon each subject before measure- 
ments were made. Comparisons were made between the effects of active and 
‘passive’ movements and between the effects of passive movements dunag in- 
halation of air and again of CO2; in all cases, a steady state of breathing was 
attained (breathing air or 5% CO2) before any movements were made. ‘Passive’ 
movements were made in two ways. In some subjects (supine), the arm or leg 
was grasped at the wrist or ankle; attempts were made to immobilize the upper 
arm or thigh during the manipulation. In other studies passive movements of 
both feet, legs and thighs were produced in subjects sitting upon a stationary 
bicycle. The subjects were instructed to relax with their feet in contact witli 
the pedals while the latter were driven by an electric motor at a rate of 60 r.p.m, 
for periods of 5 minutes. The same subjects, after an appropriate rest period, 
performed active exercise at the same rate upon the same bicycle with minimal 
load (the chain connecting the ball bearing pedal sprocket to the rear wheel was 
disconnected). When 5 per cent CO2 in air was breathed, this was supplied to 
the inspiratory valve from a high-pressure tank through an appropiiate k- 
ducing valve and demand regulator. Respiratory minute volume was measured 
by conducting the expired air from a small face mask through the expiratory 
valve to a recording Tissot spirometer. Oxygen consumption and CO2 produc- 
tion were measured over a 5-minute period by the open circuit method employ- 
ing the Tissot spirometer and a Haldane gas analyzer. 


31ESULTS 


The magnitude of the respiratory response to passive movements involving 
one to six joints is shown in tables s and 2. During passive movements of the 
forearm (6 subjects) respiratory volume increased 6.3 to 23.1 per cent; of one 
leg (5 subjects) 13. i to 26.2 per cent; of one arm and leg simultaneously (4 
subjects) 20 to 31 per cent; and of both feet, legs and thighs (10 subjects) 


—2.8 to 57.1 per cent. 

The persistence of the response resulting from passive movements was 
tested in 7 subjects upon the bicycle by recording the volume of 
each minute for s minutes. As a rule the hyperpnea was greatest 
first minute of movement and was maintained at a lower level thereaf . 
mean values were: resting 8.7 ; during successive minutes of passive movem 
1 1. 8, 10.8, lo.o, 10.8, 10.5 liters/minute. 
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The absolute increase in minute volume induced by passive movements 
R-as greater in every instance when these were performed during inhalation of 
5 per cent CO2 (table i). However, the mean percentage increases, using 
resting ventilation during air or 5 per cent COj inhalation as the base line, were 
r6.8 and 17.7 per cent. 

In 9 subjects, it was found that the average increase in O2 consumption 
was almost as great during passive movements (36.5%) as during active 
movements upon the bicycle against minimal resistance (40.0%). (Similar 
increases in CO2 production were observed.) The average change in respiratory 
minute volume was only slightly greater during active movements (30.9%) as 
compared with passive motion (25.3%); in 5 of the 9 subjects the hyperpnea 
during passive movements exceeded that of active exercise. In general, changes 
in minute volume paralleled changes in metabolic rate. In 3 subjects, arterial 


Table i. Eefect of ‘PASsn’E’ MorauENis upon respiration of norjiae men breathing air or 

5% COj IN AIR 


SUBJECT 

BESTIKO if.V. 

% IKOLEASE IK Vt.V. DITRIKO TASSIVE UOVEIIENTS 

Arm 

Leg 

Arm & leg 

Feet, legs & 
thighs 


Air 

!% CO, 

Air 

!% CO, 

Air 


Air 

S% CO, 

Air 

S% CO, 

5 . if. E. 

6.8 

17.6 

14.2 

16.0 

19.3 


20.0 

19.0 



E.if. 

8.0 

26.7 

23.1 

15.0 







S.E. 

7-7 

18.S 

10.4 

2 S -4 

26.2 

17.8 

31.0 

17.8 



R.P. 

8.8 

26.7 

6.3 

10. I 

17-3 

18.0 

28.3 

14.3 



IT^E. 

9.1 

3 S -4 

8.8 

9-3 

I 3 -I 

25.4 

21. S 

25.4 



B.K. 

8.7 

22,5 

12.4 

18.4 

24.8 

29.3 





R.B. 

8.g 

18. 9 







9,2 

14.4 

E.B. 

6.9 

17. 1 







0.0 

10.2 


blood samples were collected before and during passive movements of the 
limbs (bicycle); although the minute volume of respiration increased 6, 10 
55 per cent, there was no change in arterial pB, CO2 content or calculated 
PCO2. 


DISCUSSION 

Previous studies have shown that passive movements of the limbs can lead 
to mild or moderate hyperpnea in dog, cat and man (3, 5). These investiga- 
tors concluded that part or all of this hyperpnea was of reflex, rather than of 
humoral, origin because it was reduced or abolished by spinal cord section or 
spmal anesthesia but persisted when all vessels to and from the limb were 
occluded. 

The present experiments were designed to determine the magnitude of the 
hyperpnea that can be produced in man by ‘passive’ movements of the limbs. 
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Deficiencies in the plan of previous experiments, which may have limited* 
full extent of the response, were that only one limb was moved at a time in & 
human experiments and that no provisions were made to maintain a constant 
arterial pCOa in order to ensure normal excitability of the respiratory center, 
In the present studies, an attempt was made to provide the most favorable 
conditions for the ‘passive movement reflex’ by producing simultaneous mo\e- 
ment involving as many as 6 joints and at the same time maintaining or in- 
creasing the excitability of the respiratory center by inhalation of 5 percent 
CO2 in air. 

The magnitude of the hyperpnea in this small series did not exceed that 
previously reported when only one leg was moved. Although the conditions ol 
the two studies (rate and type of movement, position of subjects) were not 
identical, it was anticipated that more powerful effects would be elicited bj 


Table 2. Effect of active and passive movements of both feet, legs and thighs upon 

VENTILATION AND O2 CONSUMPTION 


SUBJECT 

VENTILATION (i/mIN.) 

Oj CONSUUPTION (CC/UIN ) 

Rest 

Passive 

movts. 

Change 

Rest 

Active 

movts. 

Change 

Rest 

Passive 

movts 

Change 

Rest 

Active 

movts 

% 

CiuBiC 

F. F. 

6.0 

7.0 

16.6 

5-9 

9.8 

66. 1 

260 

316 

21. s 

264 

386 

46 5 

R. B. 

8.2 

II. 4 

39-0 

8-S 

II -2 

31.7 

244 

387 

S8.o 

252 

404 


M. G. 

S -3 

6.6 

24 -S 

6.2 

8.0 

29.0 

216 

273 

26.0 

259 

390 

SOj 

M. M. 

9-3 

9.1 

— 2.8 

9.6 

12.3 

28.1 

340 

394 

15 8 

311 

456 

466 

S.B. 

II . 5 

14.3 

24-3 

ii-S 

13-1 

13.9 

321 

500 

SS -7 

329 

398 

20(1 

G. N. 

7.0 

9.0 

28. s 

7-7 

12.0 

55-8 

287 

386 

34-4 

325 

493 


G. G. 

8.4 

10. 1 

20.2 

8.7 

9-4 

8.0 

29s 

388 

3 I-S 

299 

348 

163 

N. R. 

13.0 

iS -7 

20.7 

14.4 

I 3 -I 

-9.1 

356 

489 

37-3 

373 

408 

93 

L. C. 

7.7 

12,1 

S 7 -I 

7.6 

II. 8 

q 

1 

230 

36s 

S8.6 

234 

372 

589 


motion involving 6 joints simultaneously. Since the maximal effect noted in 
this study was an increase of 57 per cent, and since active muscular exercise 
is capable of increasing ventilation as much as 1100 per cent, it is apparent 
that passive movements do not play an important role in the production of 
h3rperpnea in muscular exercise. This does not deny the existence of musde or 
tendon receptors; activation of these by shortening of the muscle during its 
contraction may be a more potent stimulus than passive lengthening. However, 
simple passive movements involving the joint, or passive lengthening of muse e 
or tendon, do not seem to initiate any important respiratory reflexes. 

Gray, in his calculations (2), greatly overestimated the importance 0 
the limb reflexes because he assumed a passive nature of the movement w ic 
precluded any change in metabolic rate. Liljestrand and Stenstrom, m 192 > 
(g) reported that O2 consumption of 2 subjects increased 45 and 32 per c 
during passive movements of the limbs but this observation as no 
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widely quoted. The present experiments, and those recently reported by 
Otis (10), have sho\ra that passive movements, of the 13^30 produced, increased 
O2 consumption almost as much as active exercise without load but at the same 
rate. The increase in Oj consumption may arise from inability of the subject to 
suppress active contractions during the 'passive’ movements, or may result 
from the activation of stretch receptors which reflexly increase muscle tone. 
The finding that metabolism increases Avith passive movements of limbs is of 
ob’\dous importance to those concerned with problems of physical therapy. 
The demonstration that Oj consumption and COj production increase during 
passive movements does not, of course, negate the existence of a peripheral 
stretch reflex capable of influencing respiration. 

SUMMARY 

The hyperpnea produced by ‘passive’ movements of limbs in a man cannot 
account for more than a small fraction of the total hyperpnea caused by 
wgorous active muscular exercise; this is true even when the excitability of 
the respiratory center is maintained or enhanced by inhalation of 5 per cent 
COj. So-called ‘passive’ movements are accompanied by an increase in O2 
consumption appro.ximately equal to that produced by active exercise at the 
same rate with minimal load. 
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A Study of Carbon Dioxide Present in the 
Oral Cavity Durhig Inspiration 

C. A. FORSSANDER. From the Department 0} Physiology, School of 
Medicine, Unitersily of Pennsylvania, Philadelphia, Pennsylvania 


HE FOLLOWING EXPERIMENTS Were planned to investigate possible gase- 
ous exchange in the oral cavity during respiration. The conclusion reached 
was that there is no significant exchange, under the conditions of the experi- 
ments. The literature on the subject has been contradictory, and has been 
reviewed recently by Galdston and Horwitz (i) who, in their own experiments, 
found an average of 3.7 mm. Hgof CO2 in periods of equilibration ranging 
from 2 to 40 seconds. The area explored by these investigators, however, 
covered the whole of the upper respiratory tract above the glottis, whereas 
the present series investigated the oral cavity alone, in an effort to eliminate 
the salivary secretions as a source of carbon dioxide. 

An earlier communication (2) drew attention to the significant difference in carbon 
dioxide content obtained when comparing alveolar air collected under two different condi- 
tions, The first group was collected at the end of a normal expiration, without cooperation 
from the subject; the second group was similarly obtained, but after clearing the deadspace 
with a suction method. It seems reasonable to suspect that, if the gas in the area of the 
respiratory tract situated above the glottis is not completely replaced during a normal 
expiration, inspiration is likewise insufficient to replace all the deadspace air. Any residual 
gas might be confused, not only with glandular gas exchange, but also with variations in 
alveolar gas composition, and estimates of pulmonary function which are based on an 
assumption of unequal lung ventilation may utilize values which have not taken these factors 
into account. 

The following experiments were planned to eliminate residual COo as 
far as possible from the deadspace, to try and estimate the magnitude of this 
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contamination, and to detect any subsequent change in gas composition after 
removing the contamination, on the assumption that a change would repleseat 
equilibration with glandular secretions. Carbon dioxide was selected for 
analysis as the most diffusible of the respiratory gases and therefore the one 
most likely to evade clearance by the normal methods. 


APPARATUS AND PROCEDURE 

Samples of respiratory gas were collected from the oral cavity at the end 
of inspiration by means of a modification of the alveolar air sampler used in the 
investigation referred to above (2). This is illustrated in the accompanying 
diagram. Briefly, the principle of the apparatus is that by turning a tap through 



Fig. I. A, mouthpiece; B, suction tube; C, sampling tube; 
Dt space for expiratory valve if required; E, air inlet-outlet; F, 
tap; G, rubber bulb; H, evacuated barrel for clearance; 1, evacu- 
ated barrel for sample; J, to mercury reservoir. 


one full rotation at any desired moment in the respiratory cycle, a series of 
channels are successively utilized, culminating in the collection of a sample of 
respiratory gas. First, the cormection with the outside air E, (which is open 
only at one position of the tap in its full rotation) is closed. Immediately after 
this a second inlet is brought into play; in the previous experiments, when the 
object was the sampling of alveolar air, this was connected with a rubber 
bulb, G, which was used to partially evacuate the upper deadspace, but here it 
was used to introduce a stream of air, when required, for washing out the ora 
cavity. Thirdly, a specially designed vacuum sampling tube, H, I, comes into 
action through a tube leading to the mouth, and receives the sample. ^ 
with completion of the full rotation, the air passage is opened up again, an e 

subject is able to continue normal breathing. 

Two modifications were made to the above apparatus for the presen p 
pose. An expiratory valve was fitted just distal to the mouthpiece, at , 
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order to permit the washing-out procedures. The tube for sampling, C, was 
extended so as to lie on the tongue. 

About 5 cc. of gas were collected at each e.xperhnent, and analyses were 
carried out by the Scholander method. 

The total deadspace of the apparatus was 25 cc., but only 10 cc. was in 
communication with the oral cavity at the time of sampling. An average 
amount of gas held in the mouth during the e.xperiment was 50 cc. Assuming a 
complete mixing with this 10 cc., there would be a maximum possible reduction, 
by dilution, of some 17 per cent. This is probably negligible since for the con- 
centration observed it would imply an error of only .01 per cent, which is 
beyond the accuracy obtainable. 

In the experiments the subject was seated, a noseclip was applied, and a 
rubber mouthpiece placed in position. Normal breathing was carried out with 
the tap open. At the end of an inspiration the subject swallowed immediately, 
and remained in that position with the breath held for the required time. At 
the end of this pause the rotation of the tap was completed; this automati- 
cally collected a sample and returned the outlet, E, to room air. Samples were 
collected at the end of normal inspirations and also at the end of deep inspira- 
tions. These were taken at varying times after the oral cavity had been sealed 
ofi from the rest of the respiratory tract by the act of swallowing, the back of 
the tongue being consciously kept in a position to maintain this seal. 

RESOTTS 

The experiments were divided into four groups: a) Samples of air were 
collected from the mouth at intervals of from 2 to 30 seconds, at the end of a 
normal inspiration and also at the end of a deep inspiration. In this series, 8 
samples taken at the end of normal inspirations showed a mean value of .27 
per cent CO2, and 9 taken at the end of deep inspirations showed a mean 
of 0.3 per cent CO2. 

b) In the next series the oral cavity was washed out by means of a rubber 
bulb of 180 cc. capacity, filled with room air (which showed at analysis .04 
per cent CO2), irrunediately after a deep inspiration and swallowing maneuver. 
For this purpose the bulb normally used in the collection of alveolar air was 
used, with its valve reversed to allow blowing instead of suction. Air was 
washed into the mouth from the bulb and passed out through the expiratory 
valve at Z). In 8 experiments with breath holding varying from 15 to 35 seconds, 
values ranging from .13 to .25 per cent of CO2 were found, with a mean of 
.18 per cent for the series. 

c) The washing out in the previous group having evidently removed the 
carbon dioxide which remained in the oral cavity at the end of the deep in- 
spiration, it was decided to wash out the mouth more completely by means of 
a stream of air, introduced at the point G after removing the bulb. The results 
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of this series are shown in table i. There was no increase in the amount of CO 

in the oral cavity at any period up to 30 seconds after the washing-out nro^ 
cedure, ^ 

The possibility that the introduced stream of air might build up to a higt 
pressure during the time that the tap was turned off and thus wash out the 


Table i. Samples of air taken from oral cavity at ekto of deep inspiration aitee 

SWALLOWING, AND AFTER WASHING OUT MOUTH WITH A GENTLE FLOW OF 
AIR FROM A CYLINDER OF COMPRESSED AlRl 


tike’ 

COi 

HUE’ 

CO) 

sec. 

% 

sec. 

% 

5 

,02 

2 S 

.02 

5 

■03 

2 S 

•03 

5 

.06 

30 

.08 

IS 

.06 

30 

.'ll 

IS 

.01 

Mean 


20 

.07 

Room air 

,02 

20 

.01 

Cylinder Air 

,01 


A further group of 14 simitar observations had a mean value of .08% CO*. 

^ This flowed through a wash bottle. * Times measured from the end of the washing out 
procedure. 


Table 2. Pijrcentage of COj in samples of air taken from oral cavity on one day, at enh 


OF DEEP inspiration, AFTER SWALLOWING 


EXPEHUtENT* 

ONE SEC. 

30 SEC. 

EXEERlMENTl 

ONE SEC. 

HH 

I 

.27 

.24 

1 7 

.oS 

•H 

2 

• 17 

.24 

8 

.07 

,12 

3 

,18 

.22 

9 

.12 

.10 

4 

.08 

(.59)* 

10 

■ 13 

■15 

S 

•IS 

.07 

II 

.11 


6 

.11 

.14 

Mean 

• 13 



^ Each experiment consisted of 2 samples, one at i sec. and the other at 30 sec. 
bracketed figure was excluded, as the sw’allowing maneuver was not satisfactory. 


CO2 from the saliva, before the stream was admitted, was obviated by intro 
ducing the air-supply tube only when the aperture at G was open, and t e 
expiratory valve at D prevented any possible rise in pressure. The stream 0 
air was so slight as to be barely perceptible, and was shut off at the moment t 
timing began. The air passed through a wash bottle for humidification an 
was allowed to circulate gently round the mouth through the tube . 
anterior part of the tongue was moved about to facilitate this, 
stretched by pulling backwards on the rubber mouthpiece, wMch ^ ^ ^ - 
flange. After 5 seconds the tap was rotated a little further, thus s u 
the air stream, and after a pause of the required number seconds the ^ 
pling was completed. Care was taken to ensure that as much saliva p 
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was present in the mouth at each experiment. Any convenient method of 
deliver}’- of air would serve in the place of the compressed air cylinder used, as 
was shown by the reduction in carbon dio.xide attained when using even such a 
small source as the 180 cc. rubber bulb referred to above. 

d) The final group was taken with especial regard to distension of the 
cheeks by pulling back on the rubber mouthpiece. The flange on the mouth- 
piece w’as big enough to obviate the possibility of leaks. After a deep in- 
spiration and swallowing, a sample was taken immediately and a second sample 
was taken 30 seconds later. The results are shown in table 2. There is clearly no 
ewdence of carbon dio.xide exchange during the interval between the first and 
the second sample of each pair. 


DISCUSSION 

Evidently no significant gaseous exchange occurred in the oral cavity 
during the e.xperiments described. Values in the neighborhood of 0.3 per cent 
of CO: were found in the oral cavity at the end of a normal or deep inspiration, 
unless special measures were taken to ensure a complete change of air in the 
mouth. Vflien these precautions were taken, the amount of CO: was found to 
diminish in proportion to the efficiency of the measures used. 

From this it might be deduced that a small but important amount of CO: 
remains in the oral cavity, even at the end of a deep inspiration. In this con- 
nection it may be mentioned that Krogh and Lindhard, as long ago as 1914, 
were convinced that in order to wash out the deadspace completely, an expira- 
tion of about three times the volume of the deadspace is required (3). Haldane 
(4) found that an expiration of about 1500 cc. would be needed to obtain a 
sample of imdiluted alveolar air at the end of an inspiration of 2000 cc. 

It seems likely that the source of this residual CO: was not from below 
the glottis. However, the possibility must not be excluded that a small portion 
of inspired air, possibly contaminated from the deadspace below the glottis, 
was sucked up by the swallowing procedure. It is difficult to devise any simple 
experimental procedure which wfll demonstrate this point, but it was felt that 
the posterior part of the tongue constituted an efficient seal, as indeed was 
proved during the equilibration time, when no rise in CO: occurred during 
breath-holding. It may be stated therefore -with some confidence that there is 
no reasonable doubt as to the source of contamination, and that the CO: was 
present in the oral cavity at the time of swallowing. 

The salivary glands did not contribute CO2, at least during the 30 seconds 
allowed for equilibration, and would not be of importance therefore during 
ordinary respiration. 


SUMMARY 

A total of 73 estimations of the carbon dioxide present in the mouth at 
the end of inspiration was made on one individual, after allowing up to 30 
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seconds of equilibration with the salivary secretions. No evidence of gas ex- 
change was found, but a small residuum in the neighborhood of 0.3 per cent of 
CO2 was found at the end of a normal or deep inspiration, if no measures were 
taken to wash out the mouth before sampling. 

Acknowledgement is made to Dr. H. C. Bazett for critical advice on this investigation 
which was carried out with the assistance of a grant from the Life Insurance Medical 
Research Fund. 
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Variability of Heart Rate in Relation 
to Age, Sex and Stress' 

R. B. MALMO AOT C. SHAGASS. Prom the Allan Memorial In- 
stitute of Psychialry, McGill University, Montreal, Canada 

T 

JLhe main purpose of the present study was to observe the degree of 
correlation between age and heart rate variability. This measure has been 
employed in studies of emotion (i, 2) and wth the development of the recording 
cardiotachometer (3) observations on heart rate variability will probably come 
into more common use. For methodological reasons it is important to know 
whether this measure correlates significantly with age. A further purpose was 
to study the influence of sex and respiratory phase upon heart rate variability. 

METHODS AND SUBJECTS 

Present data w'ere derived from two separate physiological investigations 
in which psychiatric patients were observed under standard conditions of stress. 
In each of these studies, heart rate was recorded, by means of the electrocardio- 
graph, as part of a battery of physiological measurements. Respiration was 
recorded unth a pneumograph and tambour. The stress situation involved a 
series of 12 pain stimulations of fixed order and intensity, presented by means 
of a Hardy-Wolff thermal stimulator (4). Details of the stress procedure have 
been described in previous reports (i, 5). Heart rates were determined from 
60 samples of 3 beats each, measured at set intervals during the test. The 
samples were taken immediately before, during and after pain stimulation, 
and before and after standard questioning. They were purposely made brief 
(3 beats), in order to facilitate observation of transient changes. Heart rate 
variability was determined by calculating the standard deviation (S.D.) of the 
60 measurements. A similar procedure has been employed by Fleisch and Beck- 
mann (6) and Whitehom and Richter (2). 

The procedures employed in our two investigations differed in certain 
details: i) The experimental situation was the same in both, but in the second 
study the stress was probably increased by the addition of a nearly continuous 
blood pressure recording with the Lange instrument (7). 2) The heart rates in 
the first investigation, which we shall designate as the ‘1947’ study, were meas- 
ured without regard to the phase of respiration, while in the second study 

Received for publication May 3, 194.9. 

' This research was performed under Contract No. W-49-007-MD-422. between the War De- 
partment, Office of the Surgeon General, and McGill University. 
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(1948’), they were measured only during the expiratory phase of respiration 
3 ). In the 1947 study, three measurements were made around the timeofnain 
(before, during and after) ; in the 1948 study, only two were made around the 
pain stmiulus (immediately before and during) and the third was replaced bv 
a measurement made 20 seconds before stimulation. The subjects were un 
selected patients from a psychiatric institute attached to a general hospital, 
There were no chronic institutionalized psychotics in this group. There were 
75 patients in the 1947 group, of whom 23 were male and 52 female, with ages 
ranging from 13 to 63. The 1948 group contained 59 patients, 26 male and 33 
female, with ages ranging from 17 to 62. Data on 21 normal controls, 7 males 
and 14 females aged 18 to 39 were also taken. 


Table i. Factors of age and sex in heart rate variability 





PATIENTS 






1947 Group 



1948 Group 


kosual 

CONTIOIS 

— 1 

Male 

Female 

Total 

Male 

Female 

1 

Total 

1 


No. of cases 

Correlation of H.R. j 

23 

1 


75 

26 

33 

59 

21 

variability with age. . 

—0.402 

— 0.63’ 

—0.60’ 

-0.542 

—0.642 

-0.592 

-0.4J' 

Mean H.R. variability . 
S.D. of H.R. varia- 

4-54 

S-ob 

4.90 

4.10 

4-93 

4.56 

4.65 

bility 

Sex difiference, P value . 

1.51 

1.82 

0.20 

1. 61 

I. 17 

1 

1.32 

0.02 

1.32 

I.3J 


* Product-moment correlation coefidcients significant at 1% level of confidence. 
2 Coefficients significant at s% level. 


RESULTS 

Table i shows the data relating heart rate variability to age and sex. There 
was a negative correlation between age and heart rate variability in both senes 
of cases and for both sexes. This means that heart rate variability decreased 
with increasing age. The magnitude of the correlation with age was remarkably 
similar in both series, considering the differences in the procedures employed 
in these studies. Figure i shows the linear functions derived from the regression 
equations for each set of data, together with the actually observed mean points. 
From the relatively good agreement between the predicted and observed data 
it appears likely that heart rate variability decreases with age in a linear fashion, 

at least over the age range studied. 

In both series of patients, the heart rate variability of the female gro p 
showed a somewhat higher correlation with age than did that of t e m 
group. Also the mean variability scores tended to be higher for e em 
group. This sex difference was reliable at the 2 per cent level of con enc 
the 1948 group, but not reliable for the 1947 group. Since the mean ages 
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male and female groups were approximately equal in both studies, it appears 
likely that females show a somewhat higher heart rate variability than males. 

In order to determine the effect of respiratory phase differences on our 
measurements of heart rate, the records of sS patients (comprising one half of 

the 1947 group) were analyzed separately _______ 

for the inspirator^’’ and expiratory phases s-sopT 1947 groop o 

of respiration. The correlation between 

the respirator}’^ phase difference in heart 

rate and the variability score (S.D.) | • '♦X 

}nelded a positive coefficient of 0.57. This £ 

indicates that heart rate variability was x \\« ® 

higher in those patients in whom the o ^-*0 ■ • X'v 

respiratory phase difference was greater. “• 

The correlation between respiratory phase 1 

difference and age was —0.46, indicating g s-sd - 
that the respiratory phase difference de- | ^ ^ 0 

creased with age. However, aU measure- ^ o \ 

ments in the 1948 series were made in the 2.50 - o 

phase of expiration; since the same cor- 
relation with age was obtained under 15 20 « jo 35 <0 « so ss m b» ' 

these conditions as when respiratory _. AGE 

V . ^ Fig- Curves showing reiation- 

pnase was not controlled, it appears that ship between heart rate variability and 

the relationship between heart rate vari- “se- The smooth curves are taken from 
oUtiv j ^ • -1 T regression equations based on the corre- 

aouity and age is not dependent upon lation coefficients. 

variations in the heart rate correlated 

with respiratory phase. There was no significant correlation between heart 
rate and heart rate variability. 

Data on 21 normal controls, taken together with the 1948 patient series, 
indicate that heart rate variability decreases with age in normals as it does in 
psychiatric patients. In this small group, with the relatively narrow age range 
of 18 to 39, the correlation between heart rate variability and age was —0.47. 


“ 15 20 25 JO 35 40 45 50 55 60 65 

AGE 

Fig. 1 . Curves showing reiation- 
SHIP between heart rate variability and 
age. The smooth curves are taken from 
regression equations based on the corre- 
lation coefficients. 


DISCUSSION 

The finding that heart rate variability decreases ■with age raises questions 
concerning the physiological mechanisms involved and the manner in which 
these may vary with age. Pertinent data on these points are provided by Craw- 
ford’s (8) study of the effect of atropine on the heart rate. Cra’wford found that 
the increase in heart rate following injection of atropine was greatest in the 
age group from 20 to 30 and that this effect became smaller ■with increasing 
age. He presented a curve, relating the effect of atropine to age, which closely 
resembles the curve for heart rate variability and age obtained in this study. 
It thus appears that heart rate variability, as measured here, is probably re- 
lated to the effect of atropine as measured by Crawford. 
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Crawford’s interpretation of his results was that, with age, there is both 
a decrease in tonicity of the cardio-inhibitory center and a lower intrinsic 
rhythm of the heart. Both Crawford’s study and the present one showed that 
pulse rate does not vary significantly with age. Since heart rate is considered 
to result from a balance between vagal and sympathetic tone, and since Craw- 
ford’s data show that vagal tone decreases with age, there must also be a dimi- 
nution of sympathetic tone with age to account for the maintenance of a rela- 
tively unchanged heart rate. With reduction in the tonicity of the antagonistic 
impulses acting upon the heart, it would be anticipated that the degree of labih'ty 
would decrease with age. Furthermore, under conditions of stress, which are 
conducive to autonomic lability, this relationship might perhaps be accentuated 
so that the older individual would manifest considerably less variability than 
the younger. 


SUMMARY 

The results of this study indicate that age, sex and respiratory phase are 
factors' to be taken into account in investigations of heart rate variability. 
Heart rate variability under stress appears to decrease linearly with age, a find- 
ing which may be explained in terms of diminished autonomic nervous sys- 
tem influences, both vagal and sympathetic, with increasing age. 
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Effects of Environmental Heat Stress and Exercise on 
Renal Blood Flow and Filtration Rate 

LEO R. RADIGAN and SID ROBINSON. From the Department of 
Physiology, Indiana University School of Medicine, Bloomington,^ 
Indiana 


s 

TODIES OF THE RENAL CIRCULATION during exercise have been carried out 
by a number of investigators and the results have recently been reviewed by 
Herlitzka (i) and by Chapman cl al. (2). In general, it is agreed that the total 
renal plasma flow is reduced during exercise but the effect on glomerular 
filtration rate is not well defined. Barclay el al. (3) report a fall of 45 per cent 
in filtration rate following exhausting exercise, and White and Rolf (4) report 
little or no change during light exercise. The ability of the kidneys to shunt 
blood to other tissues in exercise suggests that they may play a similar role 
when other stresses are imposed on the organism. Since heat stress on men may 
cause profound strains on the circulation, especially when it is combined with 
work, the present study has been planned to investigate the effects of a moder- 
ate degree of exercise on the renal plasma flow and glomerular filtration rate 
in both cool and hot environments. 

PROCEDURE 

The experimental subjects were five adult males, all in excellent physical 
condition with no evident renal pathology. All subjects were weU acquainted 
with the experimental procedures of venipuncture, exercise on the treadmill and 
hot environmental temperatures, thus reducing to a minimum any source of 
error due to apprehension. 

Sodium para-aminohippurate (PAH) was used for the determination of 
renal plasma flow, and mannitol for measuring glomerular filtration rate. The 
method of Smith el al. (5) was used for the analysis of PAH in plasma and urine. 
The analytical method as described by Barker and Clark (6) was used for the 
determination of mannitol. Our subjects were prepared for each test by having 
them omit the meal preceding the test. One hour before the test, they drank 
800 to 1000 cc. of water to produce diuresis. In order to maintain the diuresis, 
the subjects drank 200 to 300 cc. of water during each 20-minute period of the 

Received for publication July i, 1949. 
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at rest, the mean values for the exercise periods being 102, 103 and loi cape- 
minute respectively. When the resting subjects were exposed to the heat tie 
mean glomerular filtration rate was 84 cc. per minute, a decrease of 21 per'cea! 
from the resting level in the cool environment In the first exercise period is 
heat, the filtration rate fell 15 per cent from the resting level, the mean beia- 
70 cc. per minute. During the second and third exercise periods, the ohser\4 
filtration rates were 25 and 24 per cent respectively, below the resting level is 
the heat. 
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During exercise in the cool environment, the mean values of total plasma 
flow obtained in our subjects are in accord with those obtained by Chapman 
et ah (2) for the same grade of work. Although their percentage decreases are not 

Table i. EiTEcrs op exerose amj heat stress ok the men’s eenae blood elow and renal 


PRAcnoNS. Exerose and environments described under procedure 



ilin. Vol. 

I /min. 

BLOOD now 

Kenal 

cc/min. 

Renal Fraction 

% 

Rest in cool enrironment 

4.8 

1 

1250 

0 

0 

Cl 

Rest in heat 

4.5 

77S 

17.2 

Exercise in cool environment 

12. 1 

524 

4-3 

Exercise in heat 

11,0 

496 

4-5 
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EFFECTIVE BLOOD FLOW - C 9 /M 11^.73 SQ.M. 

. . 3- Relationship between mean arterial pressure and renal blood flow. Diagonal lines orig- 

mabng from o indicate effective vascular resistance. Points on graph represent mean calculated 
resistances for each of the subjects during each condition studied. 

as great as ours, the main discrepancy is in the mean resting level, ours being 
somewhat higher than theirs in rest and falling to the same level as theirs in 
exercise. 

The results of this study indicate only a slight decrease of no statistical 
sigmficance in glomerular filtration during exercise in the cool environment. 
White and Rolf (4) also observed no significant decrease in filtration rate during 
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light exercise. The average filtration fraction in our subjects at rest was norniai 
but was significantly elevated during exercise. This is in accord with the results 
of Barclay el al (3). When the subjects were at rest in the heat, the glomerular 
filtration rate decreased even though the total plasma flow was approximately 
the same as during exercise in the cool environment. This resulted in a higher 
filtration fraction at rest in the heat than was observed in the cool environ- 
ment. While exercising in the heat, there was a further decrease in the filtratioa 
rate. The filtration fraction, however, was elevated to the same level as it was 
during exercise in the cool environment. 

In order to determine the renal fractions of our subjects, cardiac output 
at the two metabolic levels was assumed from the data of Robinson (12), 
Christensen (13), Dill (14) and Cournand (15) on male subjects at the same 
metabolic levels. Cardiac output of the men in the heat was assumed from tk 
data of Asmussen (16). The resultant renal fractions obtained are shown in 
table 1. There was a significant decrease in the renal fraction when the resting 
men changed from the cool environment to the heat. Associated with tk 
increased cardiac output and lowered renal blood flow during exercise there was 
a large decrease in the renal fraction when the men worked in either environ- 
ment. 


The resting filtration fractions of our subjects in the hot and cool environ- 
ments are within the reported normal limits although in the heat the/ are 
definitely higher than the fractions obtained in the cool environment. Tins 
would indicate an increase in the tone of the efferent arterioles, thus maintain- 
ing filtration pressure since no significant change in systemic blood pressure 
was observed at rest in the heat. The data indicate a practically parallel 


decrease in plasma flow during exercise in the cool and hot environments as 
well as identical increases in the filtration fraction; consequently it would seem 
that the mechanism producing the fail in renal blood flow during exercise prob- 


ably operates regardless of the resting plasma flow. 

Calculating and plotting the intrarenal resistances after the method 0 
Lauson (17), we observed that at rest in the cool environment, the average 
resistances for each subject are within the reported limits of 4 )OOd to 10,^ 
absolute units (fig. 3). At rest in the heat, the intrarenal resistances are g er 
than those in the cool environment although, except for one subject, t ey are 
witlnn the normal limits reported by Lauson. This elevation in resistant 
the rise in filtration fraction would support the idea that an increase m ® 
arteriolar tone may be the cause of the reduction in renal bioo ow. u 5 
exercise, both in the cool and hot environments, the intrarenal resis 

definitely in the zones of increased resistance (fig- 3)- Lj-arenal 
the low renal fractions, the elevated filtration fractions and the 
resistances, that the mechanism for the reduction of renal blood flow duo . 
exercise is a constriction of the efferent arterioles. 
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SUMMARY 

Renal plasma flow and glomerular filtration rate were determined on five 
normal male subjects at rest and during moderate exercise on the treadmill 
(3 m.p.h. up a 5% grade) in both a cool (21° C.) and a hot environment (50° C.). 
Sodium para-aminohippurate and mannitol respectively were used for the 
determinations. 

In the cool environment the mean renal plasma flow of the resting men 
was 695 cc. per minute and it dropped 42 per cent during exercise in the same 
environment. At rest in the hot environment the mean renal plasma flow was 
426 cc. per minute. Exercise in the heat caused a decrease of 36 per cent from 
the resting level. In the cool environment the glomerular filtration rate of the 
men at rest averaged 108 cc. per minute and exercise in this environment did 
not significantly alter it. In the heat the average filtration rate of the resting 
subjects fell to 84 cc. per minute and when they exercised there was a further 
decrease to 70 cc. per minute. 

Both exercise and exposure to heat stress caused the renal fraction to 
decrease and simultaneously caused increases in the intrarenal resistance and 
the filtration fraction. 

The authors are greatly indebted to Robert Long, Robert K. Rhamy, and Raymond 
K. Kincaid for technical assistance and to Richard Mundy and Richard Shook who served 
as subjects in the study. 
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Enzyme Studies on Human Blood. VI. The Prothrombin 
Content of Plasma Stored up to Six Years' 


GEORGE Y. SHINOWARA, with the technical assistance ot 
Mabmn M. Stai^y. From the Department of Pathology, Colkii of 
Medicine, The Ohio State University, Columbus, Ohio 

T 

^ -L HE QUESTION OF TEE STABILITY of prothrombin in stored human plasma 
is of importance, both experimentally and clinically, and therefore has been a 
subject of considerable investigation in recent years. 


The prothrombin contents of blood or liquid plasma stored for various periods at 
ordinary refrigerator temperature as determined in percentage of normal by the one-stage 
technic (i, 2) according to various investigators are: 14 per cent, 3 weeks (3); 40 per cent, 
3 weeks (4); 40 per cent, 5 weeks (s); 55 per cent, 7 weeks (6); 40 per cent, 17 weeks (7), 
Alexander and DeVries (8) employing the one-stage technic with barium sulfate plasma as a 
diluent found 180 per cent, o days; no per cent, 3 to 10 days; 210 to 294 per cent, 17 to 49 
days; and iiSper cent, 54 days. In the same study, 4 per cent prothrombin was found by tie 
unmodified one-stage technic in plasma stored for 54 days. Another investigator (g) reports 
30 per cent prothrombin and no dot formation upon addition of calcium and thromboplastin 
in 5-month-old plasma. Somewhat higher results on liquid plasma stored for various periods 
at 3 to s®C. have been obtained by the two-stage technic (10): 61 per tent, 3 weeks (j); 
SO per cent, 3 weeks (4); 20 per cent, 8 weeks (ii). With a two-stage technic (12) modified 
by the addition of Ac-globulin the following results were obtained on stored citrate plasma: 
100 per cent, 8 weeks; and 50 per cent, 17 weeks (ii). The results reported for prothrombin 
in stored frozen plasma are: 85 per cent, 7 weeks, one-stage technic (6); 100 per cent, 17 
weeks, modified two-stage technic (ii); and 40 per cent, 6 months, one-stage technic (13). 
With dried plasma variable prothrombin results are also reported: 20 per cent, 7 weeks, 
one-stage technic (6) ; and no change in 6-week-old plasma stored at 5°C. as compared to 3- 
day-old pooled plasma at the same temperature with the one-stage technic (14). 

It is apparent from the foregoing that wide discrepancies exist even among 
investigators employing the same technic in the study of prothrombin stability 
in plasma stored up to 6 months. Reported here are plasma prothrombin re- 
sults obtained by two different methods on 4 liquid samples stored up to 
months; one frozen sample stored for 15 months; and 8 dried samples store 
from 48 to 72 months. Both technics have been described in detail in a previous 
communication (15). The new homologous isolation technic is based on t e 0 
temperature-low ionic strength alcohol removal of fibrinogen as Fraction 
(16), and the subsequent isoelectric precipitation of the prothrombin rac 0 
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The thrombin technic is a modification of the two-stage procedures of Warner, 
Brinkhous and Smith (10), and Ware and Seegers (12). 

DESCRIPTION OF SPECIMENS 

Liquid Plasma. The 19-hour-old sample was collected by the University 
Hospital Blood Bank and processed in this laboratory. The 4- to 6-month-old 
samples were obtained from bank whole blood approximately 2 weeks old. 

Frozen Plasma. Approximately 500 cc. of blood was collected from each 
of 4 normal adult males. The sterile citrate whole blood was then delivered 
to this laboratory where centrifugation at -{- i°C. was begun within 30 minutes 
after venipuncture. The 4 samples were then pooled and stored in a — 25°C. 
refrigerator. 

Dried Plasma. The age of each preparation was calculated from the s-year 
expiration date on the Standard Army and Navy Package. The drie'd plasma 
was reconstituted with o.i per cent citric acid to the volume of the ‘original 
normal plasma,’ as indicated on the label. All plasma specimens were sterile. 
With the exception of dried plasma, prothrombin results were corrected for anti- 
coagulant dilution, about one volume of 4 per cent sodium citrate for every 
10 volumes of blood. This study involves plasma samples representing more 
than 100 healthy adults whose histories, physical examinations and laboratory 
tests qualified them as blood donors. 

DETERMINATION OF PROTHROMBIN 

The pn of each plasma sample was taken with a glass electrode electrometer. 
For our isolation technic buffered alcohol was prepared so that the pB. of the 
resulting alcohol-plasma mixture was 7.2 ± 0.2. In our thrombin technic, 
particular attention was given to the buffering of the defibrinating reagent 
so that the pu of the plasma-thrombin mixture was between 7.0 and 7.4. 

RESULTS 

The prothrombin results obtained by two technics on stored plasma are 
recorded in table i. Identical results were obtained when fresh normal pooled 
plasma was added to activation mixtures. 

DISCUSSION 

The data, in the present work, demonstrate conclusively that prothrombin 
is exceedingly stable in dried plasma stored 4 to 6 years at various temperatures, 
and in frozen plasma stored 1 5 months at — 2S°C. Our results generally confirm 
those of Fahey, Ware and Seegers (ii) on 4 months frozen plasma; and of 
Kazal and Amow (14) on dried plasma stored 6 weeks at 5°C. The findings on 
liquid plasma stored 4 to 6 months at 3 to 5°C. are in agreement with those of 
Drew and Scudder (7) who reported 40 per cent remaining after 4. months; 
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and of Fahey, Ware and Seegers (ii) who found approximately 50 percenf 
after 4 months with a two stage technic modified by the addition of Ac dob 
ulin. However, in aU of the present studies the addition of fresh pooled nonnai 
plasma to activation mixtures did not increase the prothrombin level. It is 
emphasized that the aged liquid plasma was obtained from outdated bank 
whole blood. Therefore, no definite conclusion can be reached at this time as 
to the degree of stability of this type of plasma. 


TaBIE I, pROXHEOMBIN EESDl-TS OBTAINED BY TWO TECHNICS ON NOSMAL PLASUA OP Dimmr 

TYPES AND AGES 


TYPE Of FIASUA 

STORAGE 

NO. PERSONS 
REPRESENTED 

PROIHROUBIN RESULTS 


Age 

Temperature 

IN SAMPLE 

Isolation Technic 

[Thrombin Ttckic 

*• 


°C 


Vnits/cc. 

normal 

Units/cc, 

Hcrr.i 

Liquid 

15.0 min. 

O-I 

24* 

82.4 

100.0 

IIO.O 



19.0 hr. 

3-5 

1 

84. 8» 

102.9 

^1 

88.4 


3-7 mo. 

3-5 

8 (pool) 

35-8 

43-4 

34-8 

31.6 


5 - S' mo. 

3-5 

8 (pool) 

39-4 

47.8 

31.2 

28.4 


6.0 mo. 

3-5 

8 (pool) 

38.0 

46.1 

32.8 

29.8 

Frozen 

15.0 mo. 

-25 

4 (pool) 

78. 81 

95-6 

76.0' 

69.1 

Dried 

48.0 mo. 

Variable, usu- 

ARC pool: 


72.2 

77.0' 

70.0 


49.0 mo. 

ally, room 

more than 8 


61.2 

71.8* 



4g.o mo. 

temperature 

in each sample 

61.8^ 

75-0 

go-s* 

82,3 


49 . 0 mo. 



66.1* 

80.2 


84.1 


68.0 mo. 



57 - 1 * 

69.2 

85.8' 

78.0 


71 . 0 mo. 



71.8^ 

87.1 

91 . 5 ' 

83.2 


72.0 mo. 



68.0 

82.S 

88.0 

80.0 


72.0 mo. 



74.8 

90.8 

88.8 

80.7 

Mean 

59.8 mo. 

II .8 mo. 



63.7 

8.1 

77-3 

85.8 

78.0 

±S.D 



9.8 

7 -S 

6.8 

c.v.% 

19.8 mo. 



12.6 

12.7 

8.8 

8,8 


^ Average of duplicate analysis. 

* Prothrombin results represent a mean of analysis on 24 normal individual specimens < 
were previously reported (15). 


Several factors must be considered to account for the results obtained in 
the present study. First, all of the samples studied were sterile. Fahey, nrt 
and Seegers (11) attribute possible bacterial action as an explanation for 
observation of diminishing prothrombin level after 2-month storage at 3 to 5 • 
Second, careful pn studies were done on all samples. This is particular yjmpor 
tant in processed and/or stored plasma in which the pn variations are grea ^ 
than in fresh plasma. Since the thrombin-fibrinopn reaction r^tar e ^ 
plasma above physiological pR, false low prothrombin results wo 00 
on alkaline plasma, without prior neutralization, with the one-stage , 
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two-stage (10, 12) and thrombin (15) technics. Similar misleading results would 
be obtained with the isolation technic (15) if careful pK control is not main- 
tained; incomplete removal of fibrinogen as Fraction I would cause at least 
the partial inactivation of the thrombin formed. Third, standardized reagents 
were employed throughout this study. According to our experience it is essen- 
tial to re-evaluate reagents when a prothrombin technic is applied to the study 
of plasma which varies from the pn, anticoagulant, etc. specified by the author 
of the procedure. For e.xample, it does not necessarily follow that the calcium 
reagent optimal for fresh o.xalate plasma, as established by Quick (i, 2) for 
the one-stage technic, would be adequate for stored citrate plasma. The 2.5 
times excess thromboplastin and the 0.025 ^ calcium solutions employed for 
fresh plasma analysis in the previous study (15) were again titrated and found 
suitable for stored plasma with both technics. 

Therefore, the high values for prothrombin in stored citrate plasma ob- 
tained in the present study is attributable primarily to the application of 
technic, i.e. caiefnl ps. studies and standardization of reagents, rather than 
to any particular analytical technic. Evidence for this is demonstrated by 
the comparable results obtained by two different procedures. Moreover, for 
some time Fraction I and crude prothrombin have been prepared from 2-liter 
lots of surplus liquid and dried plasma in this laboratory for its studies on 
coagulation. The principle of the preparative procedure is identical with that 
of the analytical isolation technic. Crude prothrombin powder in yields compat- 
ible with the analytical results have been obtained consistently even from 
aged liquid plasma obtained from outdated whole bank blood. 

SUMMARY 

Prothrombin was determined in various types of stored citrate plasma 
by the new isolation technic and also by the thrombin technic, a modification 
of the two-stage procedure. The results in percentages of that found in fresh 
normal plasma by the two technics are respectively as follows ; 15 months frozen 
plasma, 95 per cent and 69 per cent; 4 to 6 years dried plasma, 77 per cent and 
78 per cent. It is concluded that frozen and dried plasma, which have been 
processed within a short time after venipuncture and then stored for a con- 
siderable length of time, are adequate sources of prothrombin for trans- 
fusion and investigative purposes. 
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Relationship between Leg Strength, Leg Endurance 
• and other Body Measurements 

EDWIN R. ELBEL. From the Department of Physical Education, 
University of Kansas, Laurence, Kansas 


HE IMPORTANCE of leg Strength and the ability to exert constant force 
in the event of mechanical failure were considered important factors in the 
selection of heavy bomber pilots for World War II. This study was made 
at the AAF School of Aviation Medicine, Randolph Field, Texas, in an attempt 
to determine whether height and weight standards for heavy bomber pilots 
could be reduced without materially modifying leg strength and leg endurance. 

No literature was found which described a method of measuring the 
forceful extension of the leg and hip with the subject in a sitting position, 
nor was a method found for measuring the amount of time a predetermined 
amount of force could be e.xerted. Thus, it was necessary to design and con- 
struct special apparatus and test procedures that were considered to be suffi- 
ciently reliable for use. 

The study was divided into two parts. In Part I, a total of 515 potential 
pilots in the following categories were used as subjects: group 1, 163 aviation 
students; group 2, 175 officers (returned combat bombardiers and navigators 
undergoing preffight training); and group 3, it f aviation cadets in preffight 
training. In Part II, 75 pilots, group 4, undergoing continuation training were 
used as subjects. 

Throughout this study the term ‘leg strength’ applies to the maximum 
forceful extension of the leg and hip against the resistance furnished by the 
dynamometer. Leg strength was measured in pounds. The term ‘leg endurance’ 
refers to the amount of time the subject could exert sufficient force by sustained 
contraction of the leg and hip muscles to hold the dynamometer indicator at 
a pre-detennined figure. Leg endurance was measured in seconds. 

PART I. PROCEDtJRE 

The following measurements were secured upon each subject in this part 
of the study: leg strength, leg endurance, age, height, weight, total leg length, 
lower leg length and sitting height {groups 2 and 3). Subjects were fully dressed 
while leg strength and leg endurance were measured. For other measurements, 
subjects were clad only in shorts. 


Received for publication July ii, 1949. 
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Apparatus. A leg dynamometer was constructed for the purpose of measur- 
ing leg strength and leg endurance. The apparatus consisted of a salvaged 
B-24 seat-assembly equipped with a standard safety belt and salvaged B-24 
rudder pedals mounted upon a low table. The seat was mounted upon the 
original seat tracks, making horizontal or vertical adjustment possible. It 
was found early in the study that the seat construction would not withstand 
the force to which the apparatus would be subjected. For this reason an 
angle iron brace was attached to the rear of the seat and then extended to the 
dynamometer table top. In order to accomplish the necessary movement the 
pedals were mounted upon especially constructed pedal-tracks. A cable was 
attached to the rear of each pedal and secured to a standard spring dynamom- 
eter (2000-pound capacity). The pedals could be moved independently when 
force was exerted. Force exerted upon either pedal was measured in pounds, 

Dynamometer Assembly j or Measuring Leg Endurance. In this part of the 
study the subject was required to maintain a force of 300 =b 10 pounds to the 
limit of his endurance. Two lights mounted on the dynamometer housing and 
controlled by microswitches attached to the d3mamometer served as visual 
indicators. A roller-arm attached to the dynamometer shaft activated a green 
light at 290 pounds and a red light at 310 pounds. The flashing of the green 
light was an indication that additional force was needed; the red light indicated 
that too much force was being exerted. The subject was instructed to hold 
the pedal so that neither light was activated. 

During testing, the subject’s hands were held upon a B-29 control wheel. 
There was free play in all movements of the wheel so that no assistance was 
afforded the subject. 

Methods Used in Securing Measurements. Leg strength. As a result of counsel 
received from returned combat pilots of heavy bombers, the seat adjustment 
for each subject for measuring leg strength and leg endurance was such that 
when the foot was on the pedal, the angle at the knee was in ± 5° and at the 
ankle 60 db 5°. Angles at the knee and ankle were measured with a goniometer. 
Tables for seat adjustment in reference to lower leg length were computed. 
Reference to these tables and the use of a horizontal scale on the table top an 
a vertical scale on the seat-post facilitated rapid seat adjustments. The same 
seat adjustment was used while the measurements for both leg strength an 


leg endurance were secured. _ , 

In securing the data for leg strength the first subject was measure 
strength of right leg— this was followed by the measurement of the e e • 
The second subject followed the reverse order. The third subject 0 0 
the order of the first, etc. Each subject was required to engage m t ree 
with each leg with one minute rest between trials alternating egs or 
Sal. The foot of the leg to be tested was placed upon the pedal «Ue 
other foot temalned upon the floor board. The subject exerte as m 
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as possible by tlie extension of the hip and leg after wliich the pressure 
was released. Strength was recorded to the nearest 10 pounds. This was a 
gradually developing tension until the subject had reached his ma.xinium 
strength. 

Total leg length. This measurement is defined as the total length of legs 
from soles of feet to the buttocks while tlie subject was in a sitting position with 
the backs of the legs pressed firmly against tlie table top. A narrow table 2 feet 
in height and 18 inches in width was constructed for measuring total leg 
length. This table was equipped with a backrest inclined backward at an angle 
of 30° and a sliding stop set at right angles to the table top. As the subject kept 
his hips firml}'’ pressed against the backrest and inclined his body forward 
by grasping the side of the table top, the sliding stop was pressed firmly against 
his feet. Measurements were read from a scale on the table top. 

Leg endurance. This measurement followed the leg strength measurement 
after the subject had rested for one minute. He began the leg-endurance test 
with the same leg with which he started the leg-strength test. The leg was 
extended sufficiently to register 300 pounds i 10 on the d3mamometer as 
indicated by the lights. After a rest period of 2 minutes the other leg was 
measured for endurance. A stop w'atch was used for recording the elapsed time. 
During strength testing, subjects were not informed as to the amount of force 
exerted nor were they informed as to the elapsed time during endurance 
testing. Subjects were not allowed to time themselves. 

Beight. The subject stood with his back to the stadiometer; heels together 
and centered; feet as nearly parallel as possible. The head and body were 
centered laterally with respect to the stadiometer. The head was held with 
‘chin in’ so that a horizontal line could pass through the external auditory 
meatus and the external canthus of the eye. The subject took a deep breath 
and held it mtU the measuring slide was lowered until it was firmly in contact 
with the head. Recordings were made to the nearest tenth of an inch. 

Sitting height. The subject sat on a bench 18 inches in height, hips, back, 
shoulder blades, and head in contact with the stadiometer; feet parallel with 
soles flat on the floor; lower legs at right angles to the thigh; forearms resting 
on the thighs. The remainder of the method was the same as for height. 

Lower leg length. With the subject sitting upon a table with legs hanging 
over the edge, the distance from the center of the plantar surface of the heel 
to the horizontal surface of the knee was measured with a sliding-arm caliper. 
Measurements were recorded to the nearest tenth of an inch. 

PART n. PROCEDURE 

This part of the study was done for the purpose of determining whether 
additional experimentation would show a decrement in endurance time directly 
proportionate to increases in force requirements and whether other measure- 
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ments might be closely correlated with leg strength and leg endurance. The 
following test items were included: leg strength, leg endurance, height, weight, 
girth of thighs, girth of legs, and grip strength of right and left hands, lower 
leg length (used for seat adjustment). 

It was found that there was no significant difference between each of the 
3 trials with each leg for Part I. Therefore, during Part II only one trial with 
each leg (following an indoctrination trial with each leg) was used for this part 
of the study. 

Leg Endurance — Apparatus. The dynamometer assembly was modified so 
that the amount of tension could be changed readily. The upper increment 
for measuring leg endurance was determined by the subject’s leg strength. A 
movable masonite collar, containing contact points, was placed around the 
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subject showed a maximum strength of 560 pounds for the right leg and 610 
pounds for his left, he was scheduled for endurance trials with the right leg 
on successive days with the djmamometer set at each of the following markings : 
200, 300, 400, 500, and 600 pounds; and for the left leg at 200, 300, 400, 500, 
600, and 700 pounds. The elapsed time was recorded by the investigator when- 
ever the subject had completed his endurance trial. 

In order to eliminate bias, w'hich might have occurred by following a 
definite sequence of testing, a randomized order was followed in measuring leg 
endurance at the various increments. 

Methods of Securing Other Measurements. For securing girth measurements, 
the Gulick spring tension anthropometric tape was used while the subject was 
in a standing position. The girth of the lower leg was taken at the point of 
greatest circumference. The girth of the thigh was taken at the line of the 
gluteal fold. Strength of grip was measured with a standard hand d3mamometer. 
Each subject was allowed three trials with each hand alternately. One minute 
was allowed between trials. The mean grip strength for each hand was used 
in calculating the subsequent coefficients of correlation. 

RESULTS 

Coefficients of Reliability. Pre limin ary experimentation yielded the follow- 
ing results relative to coefficients of reliability for test items. 

Total leg length. SLx repeat measurements taken by each of 3 observers on 
each of 21 subjects yielded a coefficient of reliability of 0.99. 

Height. Two determinations by each of two observers on 20 subjects gave 
a coefficient of reliability of 0.98. 

Sitting height. Thirty subjects were measured 6 times each by the same 
observer. The coefficient of reliability was found to be 0.99. 

Leg strength. A coefficient of reliability of 0.97 was first secured from the 
data obtained from 3 determinations for each leg upon 55 subjects. Following 
the collection of the data for Part I of the study, the coefficient of reliability 
for leg strength was computed from the data obtained from 515 subjects. For 
6 determinations (3 for each leg) for the 3 groups of subjects involved, the 
coefficients of reliability varied from 0.96 to 0.93. 

Leg endurance. Repeat determinations for 34 of 55 subjects available for 
retest showed a coefficient of reliability of 0.68 for both legs. From the data 
secured from one determination for each leg for the 3 groups involving 515 
subjects the coefficient of reliability was found to vary from 0.837 to 0.863. 

Means for the leg strength for the 4 groups are shown in table i. The means 
for groups i, 2, and 3 are based upon the average of 3 determinations with each 
kg and the means for group 4 are based upon one determination for each leg. 
The means and standard deviations for leg endurance for group 4 are shown in 
table 2. It will be noted that the mean for strength of the left leg for each 
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group is greater than that of the right leg. There is a tendency for the left!, 
to be significantly stronger than the right for groups i, 2, and 3 The ^ 
strength of the right leg for group 4 is not significantly greater than thestreS 
of the left leg. Generally, there was no tendency for one leg to showgrel 


Table i. Means and stakpard deviations of iiEASDEEiiENis on ail groups 


ACTIVITY 

CROffP I 

CROUP 2 

CBODP 3 

0EODP4 

s§ II 

Mean 

S.D. 

Mean 

s.r). 

Alean 

S.D. 

Mean 

m 

Leg strength 










right 

581 


555 


556 


568 


533 

left 

6i6‘ 


581* 


6o8« 


584 


SiS 

average 

599 

97.0 

568 

95-0 

582 

105.0 

576 



Leg endurance 










right 

130* 


98' 


149 


114.6 


I !3 

left 

127 


89 


139 


107.7 


113 

average 

129 

68.9 

93 

54.5 

144 

84.5 

III. I 

61.3 

II8 

Age, yrs 

20.7 

2.4 

23.6 

1.8 

22.5 

2.8 



51 ! 

Height, in 

69.8 

2.4 

69.7 

2.5 

69.6 

2.4 

70.0 

2.0 

651 

Weight, lbs 

156.8 

17.5 

160.7 

18.0 

158.7 

18.2 

153-8 

13-2 

' 5 f! 

Total leg length, in 

41. 1 

1.8 

41.1 

1.9 

40.6 

1.8 



40? 

Lower leg length, in 

21.5 

I.O 

21. 1 

i.r 

21.1 

I.O 



51 ] 

Sitting height, in 



36.5 

1-3 

35-7 

r .3 



35 1 

Thigh girth 










right 







21. 1 

I 3 


left 








I 2 


average 







21.0 


510 

Leg girth 










right 







14.4 

.90 


left 







14.2 

.80 


average 







14.3 


ID 

Mean grip 







123.2 

m 

I 5 J 5 


* Significantly greater than for other leg at a .01 level of probability. 

® Endurance taken for groups i, 2 and j with the dynamometer set at 3Q0 lbs. only. 


Table 2. Means and standard deviations for ieg endurance with dynamometer seiii 

VARIOUS INCREMENTS OF RESISTANCE 

Right Leg 


Resistance, lbs 

Mean 

S.D 


300 

114.6 

62.9 

400 

68,4 

31.7 

500 

39-6 

21.2 

600 

20.1 

12.8 



Left Leg 


40.6 

22.2 

20.8 

11.7 

Mean 

S.D 


107.7 

59.7 

70.3 

39-1 


endurance than the other. However, in group 2 the mean 
right leg was significantly greater than that for the left leg. t w 
that group i (aviation students) showed the greatest mean ® 
pounds) and aviation cadets (group 3) had the second highes me 
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(582 pounds). In leg-endurance measurement, the cadets were far superior with 
a mean score of 144 seconds and the aviation students were second with a mean 
of 129 seconds. It has been suggested that these 2 groups showed superior per- 
formance because of the fact that each participated daily in 2-hour physical 
training periods. This was not the case mth officers in groups 2 and 4. It should 


Tabie 3. Table of coefficients of correlation for all groofs 



GtOUP 

ENDUK- 
1 AHCE 

i 

ACE 

1 

1 

nEicnr 

■wxicnx 

1 

1 

TOTAL LEO , 
LENGTH 

LOWES. LEO 
LENGTH 

SITTINO 

HEIGHT 

Strength 




^ -t-0.21* 

-1-0. S 7 ' 



■I 




im 

+0.17 

-fo.43’ 







-fo.is 

+0.30' 

-fo-Sfi’ 






-fo.40 


-fo.lfi 

-1-0.64' 




Endurance 



-0.0s 

-fo.oi 

-1-0.15 

-bo. or 

-bo. 04 



2 


— 0.04 

-fo.is 

-f 0.12 

-bo. 07 

-bo. 10 

-bo. 14 


3 


— 0.09 

-1-0.07 

-fo.io 

-bo. 17 

-bo. 02 

-bo.09 

Age 

I 



— 0.07 

-1-0.04 

—0.06 

—0.08 



2 



-1-0.05 

— O.OI 

-bo. 002 

-bo. 02 

-0.03 


3 



—0.03 

-bo. 18 

— O.OI 

— 0.04 

-bo. 03 

Height 

I 




-1-0.55' 

-bo.88' 

4*0.84* 



2 1 

! 



-fo.S 7 * 

-bo. 90' 

-bo. 89' 

-bo. 74* 


3 




-bo. 57' 

-bo.88' 

-bo. 84' 

-bo. 74' 

Weight 

I 





-bo. 49' 

-bo. 55' 



2 





-bo. 61' 

-bo. 58' 

-bo. si' 


3 



I 


-bo. 48' 

-bo. 52' 

1 

-bo. 60' 

Total leg length 

I 



1 



-bo. 86' 



2 






1 -bo.88' 



3 






i -bo. 85' 


Lower leg length 

2 



1 

1 






3 









N group I = 163. To be significant, r should exceed .20 group i;u group s = 173. To be signifi- 
cant, r should exceed .jg group 2; N group 3 = 177. To be significant, r should exceed .ig group 3. 

* Significant at .01 level of probability. 


be mentioned, also, that the officers in group 2, having recently returned from 
combat, were somewhat lacking in enthusiasm. 

In an attempt to determine the relationship between variables, Pearsonian 
coefficients of correlation were computed (tables 3 and 4). 

For groups i, 2, and 3 the coefficients of correlations between leg endurance 
and leg strength were found to be significant but low (d-o.3S, -f 0.26 and -1-0.32, 
respectively). However, the data for group 4 show significant coefficients of 
correlation between leg strength and leg endurance for all units of dynamometer 
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resistance except 700 pounds for the right leg. For the left leg, significant 
coefficients of correlation were found with dynamometer resistance at 400 too 
and 600 pounds (table 4), While the coefficients of correlation between b 
endurance and other variables used in groups i, 2, and 3 were not found to be 
significant, several of the variables used in group 4 correlate significantly rith 
leg endurance (table 4). However, the only degree of consistency in this regard 
is with the dynamometer set at 200 pounds. Weight, mean grip strength calf 
girth and thigh girth correlate significantly with endurance for the right leg, 
For the left leg, the coefficient of correlation between leg endurance and leg 
strength is not significant. 

Considering leg strength in relation to the other variables, the coefficients 
of correlation between weight and strength are significant and larger than other 


TABtE 4. Coefficients of correlation between weight, leg strength, mean grip steengie 

GIRTH OF THIGH AND GIRTH OF CALF VS. LEG ENDURANCE WITH RESISTANCE AT 
200, 300, 400, 500, 600, AND 700 POUNDS FOR SUBJECTS IN GROUP 4 



EIGHT LEG 



LEFT LEG 

h 


EESISTANCE, 

LB. 

Weight 

Mean 

grip 

r 

Calf 

girth 

r 

Thigh 

girth 

r 

Leg 

strength 

r 

.01 

N 

Weight 

Mean 

grip 

r 

Calf 

girth 

r 

Thigh 

girth 

r 

Leg 

strength 

r 

fp = 
.01 

N 

200 

.S 4 ‘ 

.35^ 

• 39 * 

• 33 * 

.36* 

•30 

75 

• 49 * 

• 43 * 

• 33 * 

.41* 

.19 

•30 

75 

300 

. 48 ‘ 

•13 

• 33 * 

.21 

• 47 * 

•30 

75 

.28 

.16 

•23 

.20 

•23 

•30 

75 

400 

.29 

.22 

.24 

•25 

.31* 

•30 

74 

.36' 

•17 

•23 

.10 

.31* 

.30 

75 

500 

•S6b 

.22 

.481 

• 27 

.481 

•30 

70 

• 54 * 

.29 

.36* 

• 35 * 

.40' 

.30 

72 

600 

•34 

.24 

•33 

.18 

• 41* 

•35 

51 

.29 

.24 

•25 

.16 

■ 41 * 

•35 

50 

700 


•34 

.14 

•IS 

• 45 

•59 

18 

.01 

.28 

.21 

.04 

• S 6 

■59 

16 

Leg 

strength 


•31' 

•S 3 * 

. 48 > 


•30 

75 

.63* 

.33* 

• 54 * 

.30* 


•30 

75 


All coefficients of correlation were found to be positive. 
' Significant on a .01 level of probability. 


coefficients for this variable with data for group 4 showing a creditable correla- 
tion (+0.64 right leg, +0.63 left leg). The data for groups i, 2, and 3 s off 
coefficients of correlation between weight and strength of +0.57, +o 43 ) ^ 
+0.56, respectively. 

For group 4, the data showed significant coefficients of correlation betw e 
leg endurance and weight with resistance of 200, 300, and 500 ® 

right leg and 200, 400, and 500 pounds for the left leg. Considering 0 1 

the highest coefficients of correlation between these two varia es wer 

based upon the standard deviations, the endurance 

the resistance is increased. The endurance time for the rig g 
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Fig. 3. Relationship between leg strength and body weight 


an average of 43.4 seconds for each 100 pounds of resistance. The reduction in 
endurance time for the left leg was on the average of 34.7 seconds for each 100 
pounds of increase in resistance. 

The data for strength of grip {group 4) when compared with leg endurance 
showed significant but low coefficients of correlation for each leg with a 200- 
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pound resistance. Low but significant coefficients of correlation were found 
between the mean grip strength and leg strength for each leg (+0 7i ard 
+0.33). ^ ^ 

From the data secured from the subjects in group 4 the coefficients ol 
correlation between strength for each leg and mean grip, calf girth and tbgli 
girth were found to be significant. In experienced pilots the girth of calf would 
seem to be a good index of leg strength since the coefficients of correlation 
between these two variables were found to be +.53 for the right leg and 
for the left. However, the coefficients of correlation between leg strength and 
weight for each group (table 3 and 4) would indicate that weight is the best 
index of leg strength. For this reason regression formulas, showing the mean 
leg strength increases per pound of body weight for each group, were computed 
as follows: i, 1.895 poxinds; group 2, 3.161 pounds; 5, 1.941 pounds; 

and group 4, 4.515 pounds. Regression lines for all groups are shown in figure 3. 


SUMMARY AND CONCLUSIONS 


Five hundred ninety potential pilots and pilots grouped in the following 
categories were used as subjects: group i, 163 aviation students; group 2 , 175 
combat officer returnees imdergoing preflight training; group 3, ipj aviation 
cadets; group 4, 75 pilots undergoing continuation training. 

Especially designed apparatus was used for securing data relative to leg 
strength and leg endurance. In addition to these measures, data relative to 
the following were secured on all subjects: height, weight, age and lower leg 
length. In addition, total leg length measurements were taken on all subjects 
in groups i and 2 ; and sitting height for groups 2 and j. The girth of the thigh, 
girth of the leg and grip strength were measured for the subjects in group 4. 

The analysis of the data revealed the following: Coefficients of correlation 
between leg endurance and age, height, weight, total leg length and sitting 
height in the data secured by measuring the potential pilots contained in groHfu 
I, 2 and 3 were not found to be significant. Low but significant coefficients of 
correlation were found between leg endurance and leg strength for these groups. 

Considering the measurements for each leg as to significance, there was 
little consistency in the coefficients of correlation between leg strength and eg 
endurance. Data for the right leg for the group of pilots gave significant coe 
cients of correlation between leg strength and leg endurance at all incremen s 
except with the dynamometer set at 700 pounds. Significant 
correlation between leg strength and leg endurance were found for the e 
only with the dynamometer set at 400, 500 and 600 pounds. 

In addition to the significant coefficients of correlation between leg strong 
and leg endurance, some significant coefficients of correlation were oun 
tween the other variables and leg endurance (table 4). However, t e on 
sistency in this regard was shown in the data from the group 0 pi 0 
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shoAved significant coefficients of correlation between leg endurance with the 
djTiamometer set at 200 pounds and mean grip strength, thigh girth and calf 
girth. 

Endurance time for the right leg decreased at an average of 43.4 seconds 
for each 100 pound increase in resistance; and an average of 34.7 seconds for 
each 100 pound increase resistance for the left leg. The mean endurance time 
for all subjects (dynamometer set at 300 pounds resistance) was 118 seconds. 
The group of a\dation cadets was less variable than the other groups. The 
coefficients of correlation between weight and leg endurance do not follow a 
definite trend. However, the coefficients of correlation between these two var- 
iables with the d}mamometer set at 500 pounds were found to be substantially 
significant. There is a significant relationship between body weight and leg 
strength. This is more pronounced for the pilot than for the potential pilot. 
Coefficients of correlation between the girth of the leg and leg strength were 
substantially significant but perhaps too low to use for prediction purposes. 

The data secured from the groups containing potential pilots showed the 
mean strength for the left leg to be significantly greater than that for the right 
leg. The data secured from measuring the pilots showed a greater mean strength 
for the left leg but the difference was not significantly greater than the mean 
for the right leg. The mean leg strength for all subjects was found to be 552 
pounds for the right leg and 578 pounds for the left leg. The data for pilots with 
a standard deviation of 93 were less variable than other groups. The highest 
mean for both right and left legs was 599 pounds for the group of aviation 
students. 

The height of the individual is not related to leg strength nor leg endurance. 
Since there is a significant relationship between body weight and leg strength, 
the reduction in weight would materially reduce leg strength. However, the 
reduction of weight would not materially reduce leg endurance. 

The kind assistance of Dr. P. V, Karpovich, Raymond Weiss, R. R. Rankin and 
Stanley Nicijewski is gratefully acknowledged. 
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pound resistance. Low but significant coefficients of correlation were found 
between the mean grip strength and leg strength for each leg (+031 and 

+0.33)- 

From the data secured from the subjects in group 4 the coefiSdents of 
correlation between strength for each leg and mean grip, calf girth andthigh 
girth were found to be significant. In experienced pilots the girth of calf would 
seem to be a good index of leg strength since the coefficients of correlation 
between these two variables were found to be +.53 for the right leg and +.54 
for the left. However, the coefficients of correlation between leg strength and 
weight for each group (table 3 and 4) would indicate that weight is the best 
index of leg strength. For this reason regression formulas, showing the mean 
leg strength increases per povmd of body weight for each group, were computed 
as follows: i, 1.895 pounds; 2, 3.161 pounds; group 3, 1.941 pounds; 

and gro7(.p 4, 4.515 pounds. Regression lines for all groups are shown in figure 3. 


SUMMARY AND CONCLUSIONS 


Five hundred ninety potential pilots and pilots grouped in the following 
categories were used as subjects: group i, 163 aviation students; group 2, ijj 
combat officer returnees imdergoing preflight training; group 3, 177 aviation 
cadets; group 4, 75 pilots undergoing continuation training. 

Especially designed apparatus was used for securing data relative to leg 
strength and leg endurance. In addition to these measures, data relative to 
the following were secured on all subjects: height, weight, age and lower leg 
length. In addition, total leg length measurements were taken on all subjects 
in groups i and 2; and sitting height for groups 2 and 3. The girth of the thigh, 
girth of the leg and grip strength were measured for the subjects in group 
The analysis of the data revealed the following: Coefficients of couelation 
between leg endurance and age, height, weight, total leg length and sitting 
height in the data secured by measuring the potential pilots contained ingroups 
I, 2 and 3 were not found to be significant. Low but significant coefficients 0 
correlation were found between leg endurance and leg strength for these groups. 

Considering the measurements for each leg as to significance, ^ 
little consistency in the coefficients of correlation between leg strength an Co 
endurance. Data for the right leg for the group of pilots gave significant coe 
cients of correlation between leg strength and leg endurance at all incremen s 
except with the dynamometer set at 700 pounds. Significant 
correlation between leg strength and leg endurance were found for t e e 
only with the dynamometer set at 400, 500 and 600 pounds. 

In addition to the significant coefficients of correlation between leg stre^ g 


and leg endurance, some significant coefficients of correlation were 
tween the other variables and leg endurance (table 4). However, e 
sistency in this regard was shown in the data from the group 0 p 
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served at -S°C. (room temperature of 26®C.); the ingestion time was again 
5 minutes. 

In the experiments on gastric motility roentgenograms were taken at 5, 
30, 60, 90, 120 and 210 minutes after the test meal had been eaten. The sub- 
jects remained seated in the air-conditioned room between roentgenograms. 
The gastric shadows were traced onto transparent paper from the developed 
roentgenograms and the areas of the shadows were measured with a plani- 
meter; all gastric areas were expressed as percentages of the area in the 5-minute 
roentgenogram (see ref. 5, for further details of the procedure). Blood was 
drawn from an antecubital vein with a minimum of stasis immediately follow- 
ing each roentgenogram for blood glucose concentration determinations by the 
Nelson (6) photometric adaptation of the Somogyi method. 

Skin temperatures were recorded from small iron-constantan thermo- 
couples by a Leeds and Northrup ‘Speedomax’ recording potentiometer. The 
thermocouples were fastened firmly against the skin with scotch tape. In the 
first experiments the thermocouples were placed on the forehead, chest, finger 
and toe but because of the lack of temperature changes on the forehead and 
chest and the rather small or irregular changes in the toe, in most cases only 
finger skin temperatures were recorded. Rectal temperature was recorded by an 
indwelling thermocouple. A thermocouple placed near the subject recorded 
the room air temperature. 

The standard three electrocardiographic limb leads were taken in the ex- 
periments involving test meals of different temperatures. Blood pressure was 
measured by auscultation of the brachial artery using a standard blood pressure 
cuff and anaeroid gauge. Pulse rates were counted by palpation of the radial 
artery. In the cold pressor test blood pressure and pulse rates were measured 
before, at 15 to 30 seconds and at 45 to 60 seconds after submerging the hand 
in ice water to the wrist. 


RESULTS 

Gastric MolilUy and Meal Temperature. The relation between the tempera- 
ture of the test meal and gastric motility is presented in figure i. Statistical 
analyses revealed no significant differences in the rate of evacuation of the test 
meals from the stomach that were related to the temperature of the test 
meal. The largest differences which were between the 26°C. and the 65°C. 
meals would, according to the F-test, be expected to occur by chance in about 
I m 10 cases. However, as shown in figure i, there was a slight difference in the 
mean rate at which the 3 test meals were emptied from the stomach; the meal 
served at 26°C. emptied fastest, the hot meal slowest and the cold meal oc- 
cupied an intermediate position. These small differences occurred early in the 
emptying process; after 60 minutes the 3 curves were essentially parallel. 

Blood Sugar Conceittration and Meal Temperature. In figure 2 are presented 
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the data for the blood sugar response to the test meal at the different tempera- 
tures. An average increase in blood sugar concentration of from lo to 2omg/ioo 
cc. of blood occurred in all cases. The response was rapid with the maximum 



O = nieol letTip. - S'C. 
® = meal temp. 26 *5. 
11 = meal temp. 65 'C- 


Minutes otter ingestion of meol 

Fic. I. Relation of gastric motility and temperature of the gastric meal. All values areei- 
pressed as'percentage of area of gastric shadow immediately after test meal was eaten. 



n 5 ov # I 

Minutes offer ingestion of meal whole blood and 

Fig. 2. Relation of blood sugar concentration expressed m mg/ioo 

temperature of thermal stimulus. ^ 

u s. i» tk «ia »d 
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the temperature of the test meal. The greatest response (20 rag/ioo cc. of blood) 
occurred when the test meal was served frozen and the least response (10 mg/ 
100 cc. of blood) occurred after the hot test meal. The difference between the 
hot and cold test meal blood sugar response at 30 minutes was statistically 
significant (F = 7.00, F for 5% = 6.60). The blood sugar response to the warm 
test meal was mid-way between the hot and cold test meal but statistically 
was not significantly different from either. 

Skin Tempcralurc and Meal Temperature. The relation between finger 
skin temperature and test meal temperature is presented in figure 3. Both meal 
temperature and room temperature were varied. The finger skin temperature 
did not differ significantly from the pre-ingestion control value when the test 



Minutes from Slorl of meol 

Hg. 3- Relation or tingee skin temperature and temperature of thermal stimulus and room 
temperature. Skin temperatures are given as '’C. change iiom the pre-stimulation values. 

meal temperature was either warm or hot and the room temperature was either 
26 C. or 32°C. (data not included in fig. 3). 

The finger skin temperature response to the ingestion of the cold test meal 
was rapid at room temperatures of both 26°C. and 32°C. ; the response being 
greater at the lower room temperature. When the room temperature was 26°C. 
the maximum depression of finger skin temperature of 3.25°C. occurred 15 
minutes after the beginning of ingestion of the test meal. After the first 15 
minutes the skin temperature increased but was still about o.5°C. below the 
control value at 50 minutes. The skin temperature response was much less 
pronounced when the room temperature was 32°C.; a decrease of i.2S°C. oc- 
curred during the ingestion of the cold test meal (5 minutes). In the next 10 
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minutes Kttle change occurred but by 25 minutes the skin temperature 
again normal. ^ 

Blood Pressure and Pulse Rate attd Thermal Stimulus Size. The blood pres 
sure and pulse rate response to cold test meals of different sizes was tested by 
comparing the response to a 400-gram and a 100-gram portion of ice cream 
served at - 8°C. with room temperature at 26°C. The data are given in table 1 

An average systolic blood pressure rise of 13.4 mm. Hg occurred within tbe 
first minute of ingestion of the 400-gram test meal. The increase reached a 
maximum of 14.8 mm. Hg at the finish of the meal and then rapidly returned 
to the control level. The diastolic pressure response was approximately the same 
as the systolic response (constant pulse pressure) with a maximum increase of 
17.6 mm. Hg at 2 minutes from the start of ingestion and 17.4 at the end of the 


Table i. Relation of size of cold meal (400- or ioo-gm. ice cream) to changes in sysiouc 

AND DIASTOLIC BLOOD PRESSURE IN MM. Hg AND PULSE RATE IN BEATS PER MINUTE 


MEAL SlZt 

1 

TIME 

fiVSTOUC D.P, 

DIASTOUC B.P. 

PULSE WTE 

Absol. Biff. SJD.A j 

Absol. Diff. S.DA 

Absol. DiS. Sr)A 

gm. 


mm. Bg 

mm. Bg 


400 

Control 

125.0 

74.6 

64.6 


I min. 

138.4 13-4 4-6 

89.4 14,8 6.7 

83.4 j8.8 7.5 


2 min. 

139.0 14.0 6.0 

92.2 17.6 6.8 

84.8 20.: 8.2 


5 min. 

139.8 14.8 4 -S 

92.0 17.4 6.1 

81.4 16.8 9.4 


7 min. 

128.0 3.0 2.9 

79.4 4.8 5-4 

i 66.8 2,2 7.5 

100 

Control 

123-3 

72.9 

66.0 


I min. 

124.4 1-1 3-0 

7S-I 0.5 5.9 

73 -S 8.9 4.7 


1 2 min. 

124.6 -1.3 3.9 

77.6 4.7 6.2 

71-3 S -3 6-0 


5 min. 

126.4 3-1 5-0 

77.6 4.7 6.5 

68.7 2.7 6.0 


7 min. 

125.3 2.0 5.5 

75. I 2.2 4.9 

66.9 0,9 6.0 

Absol. 

= absolute values 

; diff. = change from control value; S.D.A 

standard deviation of 


meal; the diastolic pressure was also substantially normal soon after the meal 
was finished. The blood pressure did not change significantly when the too- 
gram test meal was ingested. 

The pulse rate increased approximately 30 per cent during the ingestion 
of the cold 400-gram test meal. The response was rapid, reaching a. plateau 
during the first minute and remaining at the high level during the ingestion 
period. Within 2 minutes after the finish of the meal the pulse rate was aga^ 
normal. The loo-gram test meal was accompanied by an early pulse ra e 
crease of about 15 per cent during the first minute. The response w^, ’ 

only transient and the pulse rate was back to normal by the end 0 t e mg 

' Skin Temperature and Thermal Stimulus Size. The relation 
ture changes to the size of the cold test meal is presented in gure 4. 













October !p40 


RESPONSES TO HOT AND COLD TEST MEALS 


213 


skin temperature (average of left and right hand) decreased slightly during the 
first minute of ingestion of the 400'gram meal. As more of the meal was eaten 
the finger skin temperature progressively declined, dropping i.i°C. during the 
5 minutes of ingestion. The skin temperatures continued to decline during the 
[0 minutes that records were taken following ingestion of the meal; a decrease of 
2.5 and 2.7°C. occurred in the finger of the right and left hand, respectively, 
ftien the loo-gram test meal was given there was only a slight decrease in the 
inger skin temperature. 

Internal Versus External Thermal Simulation. A comparison was made of 
the systolic blood pressure response to the ingestion of 400 grams of ice cream 
it -8°C. with the response to the immersion of one hand in ice water for one 
ninute. The internal application of the cold resulted in an average rise in sys- 
tolic blood pressure of 14.S mm. Hg with a range of 12 to 32 mm. Hg. The mean 
lystolic blood pressure response to the external application of cold was a 16.2 
mm. Hg with a range of 5 to 37 mm. Hg. A systolic blood pressure increase of 


Fig. 4. Relation or size of cold test 
meal and changes in finger skin tempeta- 
ture. Room temperature was s6° C. and 
meal temperature, — 8° C. 



20 mm. Hg or more was recorded for 2 subjects on internal and 3 on external 
cold stimulation. None of the subjects responded with an increase in systolic 
pressure of 20 mm. Hg or more on both tests. 

DISCUSSION 

The lack of general agreement in the literature on the relation of test meal 
temperature and gastric motility is not surprising in view of the differences in 
experimental procedures and test meal composition used by the investigators. 
Hepburn (7) observed an increased gastric emptying time of 15 minutes in 4 
e^enments, 30 minutes in 4 and no increase in one when iced water was given 
with an Ewald meal. Eberhard (4) reported a delay of 30 to 45 minutes in gas- 
tne emptying time when 90 grams of ice cream or 250 cc. of iced water was 
given at the end of a full meal. Gershon-Cohen (8) on the other hand, found that 
a cold barium sulphate — ^Liebig’s extract mixture — ^began to leave the stomach 
immediately on ingestion and was rushed through the jejunum and ilium while 
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the hot mixture was slow to leave the stomach. In both cases gastric activit- 
had returned to normal in 30 minutes. None of the authors subiected thewJ 
to critical statistical analysis. ® 

Because of the large inter- and intra-individual variation in gastric empty, 
ing time, the statistical significance of the changes reportedly due to the test 
meal temperature is questionable. In the present experiment where the same 
group of trained subjects was used throughout no statisticaUy significant re- 
lationship was found between gastric emptying time and the temperature ol 
the test meal. 

The increase in the blood sugar concentration following the test meals could 
not have been due to the absorption of the sugar in the test meal. Little if any 
of the sucrose could have been hydrolyzed and absorbed in 5 minutes after the 
ingestion of the test meal; during that period there was a definite increased 
the blood sugar concentration. At 30 minutes when the blood sugar concentra- 
tion had reached its maximum only 30 per cent of the test meal had been evacu- 
ated from the stomach. The rapidity of the blood sugar response and the in- 
fluence of the temperature of the test meal on the magnitude of the response 
suggest reflex and/or hormonal factors initiated by the ingestion of food and 
augmented by the temperature of the food as the basic mechanisms involved. 
This concept is supported by the observations that the blood sugar concentra- 
tion was increased following the introduction of cold water into the stomach of 
cats (9) and dogs (10, 11). 

Peripheral vasoconstriction and a decrease in skin temperature as a re- 
sponse to the ingestion of cold foods would be anticipated from the general 
observation that a sensation of cooling frequently occurs when ice cream is 
eaten. It has been demonstrated that a variety of other factors (drugs, emo- 
tions, hot and cold applications, smoking) produce changes in skin temperature 
(12-17). The 3.5'’C. drop in finger skin temperature following the cold test 
meal was large even though locahzed in character. It is not surprising that the 
major change in skin temperature occurred in the finger since it has been demon- 
strated that the fingers and toes have a much larger vasomotor response to the 
demands of heat regulation than other skin areas (16). 

As is the case in most stimulus-response reactions, the size of the thema 
stimulus, in this case the amount of the ice cream eaten in a constant time, 
determined the extent of the response of the finger skin temperature, ysto ic 
and diastolic blood pressure and pulse rate. With the 400-gram stimu us 
blood pressure and pulse rate rise was prompt but lasted only whi e t 
cream was being eaten. This suggests that the response is a reflex iniba 
stimulation of the cold and pain receptors in the mouth by the cold es^^^^ 

The skin temperature response was slow and progressive as 
the rapid blood pressure and pulse rate response. Some lag between va 
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striction and cliange in skin temperature would be expected but hardly 15 
minutes if the vasoconstriction in the skin occurred at the same time that the 
blood pressure and pulse rate increased. It is apparent that the mechanisms 
involved in the blood pressure pulse rate response and the skin temperature 
response are not the same. The slowness of the skin temperature response sug- 
gests a hormonal mechanism. An increased adrenalin secretion as a result of 
• local external cold applications has been reported in the cat (18). 

The three standard electrocardiographic limb leads were taken before, 
during and after tlie ingestion of the test meals. The cycle length showed a 
significant increase to all the test meals. There was a small and variable de- 
. pression of Tj which was not related to tlic temperature of the meal but was 
■ similar to the changes reported after other types of test meals (19). No changes 
specifically related to the temperature of the meals were observed. 

SUMMARY 

The gastric motility, blood sugar concentration, blood pressure, pulse 
. rate, electrocardiogram and skin temperature responses to internal thermal 
stimulation were measured in normal young men. 

Gastric motility was not greatly altered by the temperature of the test meal 
. when served. Blood sugar concentration was slightly and promptly increased 
after a test meal regardless of the temperature but the response was signifi- 
cantly greater when the test meal was served cold. Finger skin temperature 
, dropped as much as 3.5'’C. when a cold test meal was ingested. The response 
was prolonged and did not return to normal within 50 im’nutes. 

Blood pressure increases of 15 to 20 mm. Hg were produced during the 
tune the 400-gram cold meal was eaten; no increase occurred with the loo-gram 
meal. Pulse rate was increased 18 to 20 beats per minute during the ingestion 
of the 400-gram cold meal. With the loo-gram cold test meal the maximal pulse 
rate increase was less than half as great and the response was over by the time 
the meal had been ingested. The average systolic blood pressure response to the 
^ 400-gram cold test meal was about the same as that produced by immersion 
of the hand in ice water for i minute. 

None of the test meals produced significant electrocardiographic responses 
^ except for the cycle length. 
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T 

' JLt has often been suggested that appetite is somcliow related to the sense 
of taste and smell. Recently, Goetzel (i) has claimed that appetite varies 
directly with acuity of tlie olfactory sense, and may be measured in terms of 
variation in olfactory thresholds. 

Appetite may be defined simply as the desire to cat. Under normal cir- 
cumstances deprivation of food in man gives rise to the desire to eat and to a 
complex constellation of sensations which include gastric and e.xtragastric 
components. These we have called hunger satsalions (2). 

The present series of e.vperiments were undertaken to study /) the rela- 
tionship betw’een appetite, accompanying hunger sensations and variations 
in the acuity of the senses of taste and smell, and z) the effect of an appetite- 
depressing drug on the thresholds of these senses and on hunger sensations. 


METHODS 

Acmty of the gusto-olfactory senses was measured by means of the thresh- 
olds for such simple and easily recognizable odors and tastes as might be en- 
countered in ordinary eating, at intervals when appetite was marked, and 
following the ingestion of food. The noon-day meal was most convenient for 
this purpose. 

Thresholds for the recognition of the substance, rather than for the per- 
ception of odor or taste, as such, were determined. This latter threshold 
(awareness of stimulation) was discarded as not being useful in ordinary eating 
behavior. 

The subjects employed were medical and graduate students at this Uni- 
versity, whose appetite patterns and hunger sensations were known from 
previous studies. The threshold for salt (sodium chloride) and sugar (sucrose) 
tastes and the smell of coffee were determined at 10:30 a.m., just prior to the 
noon meal, and at 2:00 p.m. (i|-2 hours after the ingestion of lunch). 

hresholds for taste were determined by the ‘choice method’ of Richter 
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and MacLean (3), in which subjects are presented with two small gla«es 
one fiUed with distilled water and the other with varying concentrations of tk 
substance tested. The subjects were instructed to sample the fluid in ead 
glass as often as they desired until they were certain that they did or did not 
have the same taste. If the tastes were different they were instructed to name 
the taste perceived. The varying concentrations of each substance were ran- 
domized, and the subjects were ignorant of the order. 

The solutions of sodium chloride employed ranged from 0,01 to 0.2 per 
cent in these steps, o.or, 0.02, 0,03) o.o4) o-ojj o.o6j o.o^j 0.08. 0.05 oi 


Table i. Thresholds eor sense of smell at vaviovs 0^ da? 
(Expressed as cc. of odorous air) 


SUBJECT 

1 

! 10:30 AAf . 

' DETOItE 

' LtJNCH, 

12 NOON 

i AFTER 

i tmai, 

1 P.U. 

1 

1 SUBJECT 

1 j 

10:30 A.K. 

] 

Before 
tUNCB, i 
12 NOOK ; 

Anil 

im, 

3i.y. 

P.S. 

6,0/ 6.2 

1 

' 6.5/ 6.C 

1 

4.0/ 4.5 

F.A. 

9>o/8.S 

1 

9 -S/ 9-5 ; 

9.0/8, 5 

DM. 

7.0/ 6.S 

6.5/ 6.0 

1 2 - 5 / 3-0 

D.K. 

! 4 -S/S-o 

6, 0/6.0 j 

6. 5/^,0 


S.o/ 8.0 

6 . 5 / 6.S 

' 6.0/ 6.0 


5 -S/S-S 

7. 0/7.0 

6, 0/6.0 


8.0/ g.o 

8.0/ 8.0 

S-o/ 5-5 



1 





1 

A.Z. 

4.0/4.0 

4. 0/4.0 

3. 0/3.5 

D.F. 1 

7.1/ 7 -S 

7-0/ 7.5 

7-0/ 9-3 I 






lo.o/n.o 

9.0/11.0 

10.0/10.0 

P.S.B. ! 

9.0/8.S 

9. 0/8.5 

8.0/8, 0 

F.A. 1 

9.0/ 9.5 

6.5/ 9.0 

6 . 5 / 7.5 

J.B. 

3 .S/ 3 -S 

3. 0/3.0 

3. 0/3.5 

27 . 5 . 

4.0/ 3.0 

3-0/ 3-0 

j 

4.0/ 4.0 

H.R. 

6.S/6.CJ 

6.S/6.S 

6.S/8.S 


4.5/ 4 .S 

S-o/ 4.5 i 

4.0/ 4-5 





i 

1 

2 - 5 / 3-0 

4 - 0 / 3 -S 

4-0/ 4-5 

1 

K.K. 

8.S/8.0 

9 -0/9 -5 

8. 0/8.0 

R.S. 1 

7 - 0 / 7-5 

8.0/ 7.5 

8.0/ 8.S ! 

A.K. 

9.0/8. 5 

8 .s/ 9'0 

1 9-1/5'' 


7.0/ 7 -S 

7.0/ 7.0 i 

4 - 5 / S-S i 



1 



S-S/ S-o 

5 - 5 / 5-0 

1 

S-S/ S-S i 

C.E.R. 

6. 0/6.5 

1 4 - 5 /S-o 

i S. 0 / 5-0 

H.J. 

13-0/13.5 

14. 0/14.0 

13-0/13.0 

H.M.R. 

j 

4 -S/ 4-0 ' 

.J 

1 

1 4 .S/ 5.5 

j 4.5/S'“ 


lo.o/io.D ! 

II. 0/11.0 

7 - 5 / 8-0 ’ 




1 

1 

6.0/ 6.0 1 

5-5/ 6.0 1 

5 . 5 / 6.0 

Mean j 

6.92 1 

! 6 - 9 S 

' 0.J5 


and 0.2 per cent. The solutions of sucrose employed ranged from o.i to i ^ 
cent in steps of o.i per cent. Only one substance was tested for eachsu j 

on any one day. ^ 

Thresholds for smell (coffee) were tested by the method ® 

Levy (4), in which a measured volume of odorous air is introduce m 3 0 
blast into the nostrils of the subject. The tests of any given 
at one-minute intervals to avoid fatigue. The threshold was the sma e 
of air which the subject immediately recognized in 2 out of 3 ^ 

The threshold was retested after a lo-minute interval during eac 
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' In another series of tests, the effect of appetite-depressing doses of D-am- 
"phetamine was determined bj'- gnnng each subject 10 mg. of this drug one hour 
-before the noon meal on alternate days and retesting for thresholds. 

BESULTS 

Nine subjects were tested for their threshold for salt, 10 for the taste of 
sugar and 19 for the smell of coffee. All subjects had marked appetite (desire 


Tabix 2. Thresholds eor salt taste and for sugar taste at various times of day 
{Expressed as percentage concentration o solution) 


SUBp:CT 


10:30 A.U. 


BEFORE tUNCIT, XSIOONOON 


AFIEE lUNOr, 2:00 P.U. 


Thresholds for Sail Taste 



% 

% 

% 

D.B. 

0.0s 

0.0s 

0.05 

A.L. 

0.05 

0.0s 

1 0.04 

E.R. 

O.IO 

0. 10 

o.og 

M.K. 

0.07 

0.08 

0.07 

D.N. 1 

0.07 

0.08 

0.08 

BJ. 

0.07 

0.06 

0.07 

J.C. 

0.04 

0.04 

0.04 

C.C. 

0.07 ! 

0.07 1 

0.07 

E.K. 

0.08 j 

0.08 

0.07 

lean 

1 

0.065 ; 

0.068 

0.064 


Thresholds for Sugar Taste 



% 

% 

% 

D.B. 

0.6 

0.6 

0.6 

A.L. 

0.6 

0.6 

o-S 

G.A. 

0-5 

t>-s 

0-5 

BJ. 

0-3 

0.3 

0-3 

K.S. 

0.3 

0-3 

0-3 

E.K. 

0.7 

0.7 

0.8 

B.R. 

0.6 

0.6 

o-S 

M.K. 

0.6 

0.6 

0.6 

D.K. 

o-S 

o.S 

0.4 

J.C. 

0.4 

0.4 

0-3 

Mean 

0.51 

o.si 

0.48 



3 eat) and well developed hunger sensations when tested before the noon meal. 
dl noted the abolition of these sensations after eating. The results are sum- 
larized in tables 1 and 2. 

It will be seen that there was rather marked constancy in each subject in 
he threshold for salt and sugar throughout the period tested, both during the 
evelopment of appetite and hunger sensations and following their subsidence. 

The results of the olfactory threshold tests reveal a high degree of re- 
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producibility for the threshold at any one test period. The test-retest co 1 
tion coefficient was +0.98. There was, however, more variation in this threlw 
from period to period than for the gustatory thresholds. However, in neitk 
the taste nor the olfactory thresholds are the differences betwin wtJ- 
statistically significant. 

Compared to the midmoming threshold, the olfactory thresholds at nooa 
were unchanged in 22 tests, rose in 3 and fell in 3. Compared to theprelucd 
thresholds, those after eating were unchanged m 21 mstances, rose in i, felling 
The results of the effects of 10 mg. of D-amphetamine are summarhedin 
table 3. Six tests were performed in 6 subjects for salt thresholds, 7 tests in] 
subjects for sugar, and 8 tests in as many subjects for smell. In all instances 
the dose of D-amphetamine employed abolished aU hunger sensations and 
markedly depressed the desire to eat. In 13 tests, there was no change in tie 


TABI£ 3. ThSESHOLDS for sense of taste for SAIT AND SUGAR AND FOR SENSE OF SMEIiBUOlI 

AND AFTER D-AMPHETAIUNE 
(Means and their respective standard errors) 


NO. OF 1 
SX 7 BJECTS 

1 

TIME 

10:30 a.m, 11:00 aja. Noon (befeelutcl) 

6 

0.061 dr 0.0098 

Salt taste threshold (% NaCl sohUion) 

10 mg. D-amphetamine orally 

0.060 ±O.DO}J 

7 j 0.51 ± O.OS9 

Sugar taste threshold (% swrose solution) 

10 mg. D-amphetamine orally j 0.48 io.oto 

8 

S .44 ± 0.57 

Threshold for smell (cc. of odorous air) 

10 mg. D-amphetamine orally 

5,46 ±0.38 


sense of taste, one threshold for salt fell o.oi per cent, one for sugar rose 0,1 p«r 
cent. In 8 tests of olfactory acuity the threshold rose in 4 cases, fell in 3, m 
was unchanged in one. 


DISCUSSION 

Changes in reflex excitabiUty of the central nervous system associated 
with the periodic gastric hunger contractions have been demonstrapd y ® 
son (5) for the knee jerk. Thus, Ganges in threshold for the special senses^ 
smell and taste associated with himger sensations and appetite cou n ^ 
ruled out a priori. However, we have failed to demonstrate constant c 0 
for the acuity of taste, and have also failed to confirm the previous r p 

changes in olfactory acuity, ^ ^ . ,, {i,? 

The present study indicates that minor variations in the ac 
gusto-olfactory senses do occur, but these variations bear ^ 
lationship to the presence of appetite and the accompanying ung 
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A dose of D-amphetamine which abolished the desire to eat had no con- 
sistent effects on these senses, in contrast to reported previous findings (i). 


Tabix 4. Analysis or variance of data on taste and oitactory theeshoids 


SOOTCE or VAilATIOM 

1 

DEGXIXS OP i 
rifiEDOil j 

SUU or SQT7A&ES 

KEAN SQUARES 

TJircslwlds for settse of jwei 

fl at various hoi 

2 

iS 

SO j 

urs of the day {see iabl 

5-9865 

422.8566 

37.3269 

ei) 

2.9932 

16.9142 

0.7465 




. Total 

1 

77 

466.17 




Thresholds for sail taste at various hours of the day {see table 2) 



2 

0,000051 

0.007626 

0.000352 

25 X io-« 

953 X 10-* 

22 X io“* 


8 



16 




26 

0.008029 





Thresholds for sugar taste at various hours of the day {see table 2) 


■Between hours 

2 

0.0060 

30 X io~< 

607 X io“‘ 

IS X io-< 

Between individuals 

0 

0.5466 

0.0274 


18 


Total 

29 

0.5800 ] 





Salt taste before and after D-amphetamine {see fable 3) 


"Trcatinent - 

I 

0,000008 

8 X 10-* 

1088 X io-« 

10 X io~<' 

Between individuals 

5 

0.005442 

0,000050 

Error 

5 



Total 

II 

0.005500 





Sugar taste before and after D-amphetamine {see table 3) 


'Treatment 

I 

0.0028 

28 X 10-* 

333 X 10”* 

29 X io~< 

Between individuals 

6 

0.2000 

Error 

6 

0.0172 



X Total 

13 

0.2200 





Threshold for smell before and after D-amphetamine {see table 3) 


“Treatment 

I 

0.0025 

0.0025 

Between individuals 

7 

35-2500 

3-0357 

^Error 

7 , 

1.887s 

0.2696 

^ Total 

*5 

37-1400 



We would stress the observation that suppression of appetite was accompanied 
a parallel suppression of hunger sensations. 
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Voli/na 


In table 4 an analysis of variance for each set of data is presented I 
every instance it will be noted that the variance attributable to difference 
between hours of the day or to treatment with D-amphetamine is very small 
in most instances smaller than the variances attributable to random sampling 
error. In no case is the F ratio (6) of these two mean squares significant. On the 
other hand, the variance assignable to differences between mdividualsisinall 
cases very large and the F ratio of this mean square to the mean square for 
error is Inghly significant. This indicates that almost all of the variation en- 
countered was due to differences between individuals and that any one indi- 
vidual showed a very strong tendency to remain constant over a period of hours 
or after treatment with D-amphetamine. The important conclusion that can 
be drawn from these facts is that the reliability or reproducibility of themefhe^ 
of measurement was excellent so that the failure to detect differences at various 
hours of the day or after treatment with D-amphetamine cannot be due to a 
masking of such differences by wide fluctuations due either to lack of repro- 
ducibility or to spontaneous random changes. 

It may also be pointed out that these results are consistent with the clinical 
observation that complete anosmia has little effect on appetite, although ol- 
faction may, under some circumstances, be important in the genesis of nausci 
and anorexia. 


SUMMARY A 2 W CONCLUSION 

Only minor variations in the acuity of the senses of taste and olfaction were 
found to occur during the day. These bore no consistent relation to the presence 
or absence of hunger sensations and appetite (the desire to eat). The aboliriou 
of appetite by D-amphetamine is paralleled by suppression of the accompanying 
hunger sensations, but is not related to any consistent change in the acuity of 
the gusto-olfactory senses. 

The various tests gave excellently reproducible results so that the fate 
to detect changes cannot be attributed to technical unreliability or to mashing 
by random fluctuations. 
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T 

JLn RECENT YEARS there has been an intensification of interest in the prob- 
lems of convalescence. It has been recognized that the speed with which a 
■ patient can be returned to a gainful occupation is influenced, in addition to 
the characteristics of the specific disease itself, by certain general conditions. 
Among those factors which are common to most disease states and which may 
be altered by management are the psychological attitude of the patient, the 
: malnutritfcn which results from poor appetite and the effects of bed rest. The 
. relation between the nutritional state and the course of disease has been exten- 
• sively studied (1-4). The effects of bed rest in the treatment of disease has 
. been discussed (5, 6) and evidence has been presented to support the practice 
of early rising after operation (7). In addition, it has been shown that a program 
of graded exercise in convalescence is useful in returning men to active duty 
, earher than would otherwise be the case (8). 

The problem of the effects of bed rest per se has not received a great deal 
of attention. There is agreement on the effects of bed rest on nitrogen and 
mineral metabolism (9-12). There remain, however, general questions concern- 
ing the nature of deconditioning produced by bed rest, questions which are 
basic to the intelligent planning of a reconditioning program during convales- 
cence. To what extent are the several fundamental components of fitness — 
' coordination, speed, strength and endurance — ^affected by bed rest? How 
. rapidly do the several items return to normal during the recovery period? It is 
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the purpose of this paper to provide evidence on these points Prelim- 
notes on this work have been presented elsewhere (12-14) and theeffTf 
bed rest on the volume of the blood has been reported separately (15). ° 

SUBJECTS 

The 6 young men who acted as subjects in this study were volunteers 
recruited from Civilian Public Service Camps for conscientious objectors, 
These men were from 20 to 32 years of age. They were within ±10 per cent 
of the norm when compared to standard height-weight tables. One man (A. JF.j 
had been a successful football player in college, but otherwise none bad been 
physically either very active or very sedentary. Careful physical examination 
failed to reveal any noteworthy physical defects. 


CONDITIONS 


The men resided in the laboratory during the entire experimental period. 
During the active periods they carried out a number of routine chores con- 
nected with the maintenance of the laboratory. They were fed a diet of knovrH 
composition which was adequate in protein, calories and vitamins. 

The general plan of the experiment included a period of physical condi- 
tioning, 3 weeks of bed rest and 6 weeks of reconditioning. In the bed rest 
period the men were under constant supervision and bedfast nursing care. 
They were allowed up 10 minutes a day for bowel movements. Complete in- 
activity was enforced for an hour in the morning, two hours in the afternoon 
and for one hour after supper. Lights were turned out at 10 p.m. The subjects 
were encouraged to read, but a limit was put on letter writing; visitors were 
restricted to an hour a day and no ‘occupational therapy’ was allowed. Tbe 
men underwent bed rest in pairs, starting in early March and ending in June. 


Two men (D. M. and R. M.) were in bed for 4 weeks. 

A conditioning program lasting approximately 6 weeks was carried out 
before each period of bed rest. The men walked on a motor driven treadmill 
3.5 miles per hour and a 10 per cent grade 6 days a week. This rate of wort 
demands an oxygen consumption of roughly eight times the basal metabolic 
rate. In addition, the men ran for 3 minutes at 7 miles per hour and 10 per 
cent grade. The conditioning program consisted of increasing the daily wa 


and runs according to the schedule presented in table i. 

Conditioning (training) in the psychomotor area was also included in e 
program. In a preliminary session the principles of psychomotor testing w 
explained, the importance of standardization of work methods was iscu^^^ 
and the subjects tried out the tests. Each subject received systematic 
in the course of 8 subsequent sessions, separated by one to two ays. n 
session all tests were performed twice, except for the strengt ^ 

which were made in triplicate. This amount of practice allowe e s 
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reach or closely approach a practice plateau. In the succeeding weeks the men 
continued to practice the tests at less regular intervals. Because the experi- 
ments could be performed with only 2 subjects at a time, the total number of 
practice sessions was not identical for all 3 pairs of subjects. However, in all 
cases a relatively stable performance level was secured before the beginning 
of tlie bed rest regimen. 

Psychomotor functions differ in tlie degree of improvement with practice. 
The more the skill factor is involved, the greater the potential improvement. 
This is documented by figure i indicating a large amount of improvement in 
measurements involving fine coordination and lack of substantial improve- 
ment in functions of simple speed and of strength. In order to express the 
increments in comparable units, the standard error of measurement is used in 
figure I.- 


Table I. AcrrviTV schedule of subjects before and after bed rest 



! WEEKS 

} 

2 

3 

1 4 

s 

6 

1 

Pre-bedrest Hours of walk/day 

I 

2 

2 

3 

3 

4 

3 min. runs/wk. 

2 

2 

2 

4 

s 

4 

Post-bed rest Hours of walk/day 

I 


22 

3 

3 

3 

3 min. runs/wk. 

1 



3 

3 

3 

2 min. runs/wk. 

i 


2 




tj min. runs/wk. 

5 ' 

4 

2 





Week no. 6 gives activity of men just before bed rest and week no. i presents activity during 
the ist week after getting out of bed. Walking was done at 3 5 miles/hr. and 10% grade. Runs 
were carried out at 7 miles/hr. and a 10% grade. 


The diet was adjusted to maintain caloric balance as estimated from body 
weight. This turned out to be 3400 to 3600 calories a day during the period in 
which the men wmlked one hour a day on the treadmill. As the conditioning 
program proceeded the caloric intake was increased until a level of 4400 calories 
a day was reached. In the same way, the diet during the reconditioning period 
was increased from 2300 to 2600 calories a day during bed rest to an intake of 
4000 calories a day. 

Standard clothing was worn for all tests and aU cardiovascular measure- 
ments were carried out in air-conditioned rooms maintained at 78° F. and 50 
per cent relative humidity. A test sequence was set up and adhered to through- 
out the entire series. The men arose without breakfast and the tests were 
. carried out in the following order: Postural adjustment, roentgenkymogram 
^ of the heart, basal metabolism, the aerobic work test, lo-minute rest and the 

' * The value is obtained as the square-root of the ‘random variance.’ For derivation and com- 

V putational formulae see reference 22. 
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anaerobic work test. The psychomotor batte^ was performed in the afternoon 
at a constant time after lunch in the sequence: Pattern tracing (coordination) 
baU pipe (speed of medium movements), tapping (speed of small hand move- 
ments), reaction time (speed of gross body movements), hand grip, back lift 

and ataxiameter. Blood volume (15) and cardiac output estimations were done 
on separate days. 


' METHODS 

The size of the heart was estimated from roentgenkymograms by the method of 
Keys et al. (16). Total projection area and transverse diameter were measured in systole 



error units are explained in the text. 

All measurements were corrected for triangular distortion. Cardiac output was estimated by 
the acetylene rebreathing method of GroUroan {17). The subjects were carefully practiced 
in the technique some days before the actual measurement. Gas samples were taken between 
10 and 12 seconds and 20 and 22 seconds of rebreathing. The gas was analyzed in a Haldane 
gas analysis apparatus adapted to the determination of acetylene. 

The cardiovascular response to posture was determined on a tilt table equipped with 
a footboard. Pulse rates and blood pressures were taken at one-minute intervals with the 
subject supine on the tilt table until both pulse and blood pressure reached a plateau. The 
subject was then tilted to 68° and pulse rates and blood pressures were taken every minute 
for 15 minutes. Supine and tilted pulse and blood pressure readings were averaged sepa- 
rately for presentation. Scores were calculated from the data by the method of Cramp 
ton (r8). 
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Walking pulse rates were obtained near the end of a 30-minute walk on the motor 
driven treadmill at 3.5 miles per hour and 10 percent grade. Pulse rates were counted with 
a stethoscope placed at the apex of the heart for 15-second periods at 25, 28 and 30 min- 
utes. The three values were averaged to give the work pulse rate. Expired air was collected 
in a balanced gasometer from 20 to 25 minutes of the walk. A sample was analyzed for 
ox>’gen and carbon dioxide in the Haldane apparatus. 

Exhausting physical work consisted of miming at 7 miles per hour for 90 seconds on 
a IS per cent grade. Expired air was collected continuously during the mn and for 90 minutes 
of recovers'. The recovery collections were divided into three parts from zero to 10, from ii 
to 24, and from 25 to 90 minutes after the end of the run. Blood for lactate determinations 
was taken at 12, 15 and 25 minutes of supine recovery; the lactate concentration was deter- 
mined by the method of Edwards (19). 

The psychomotor battery’ has been described in detail elsewhere (20). Strength was 
determined by the back lift and hand grip dynamometers. Coordination was measured by a 
pattern tracing test in which the speed of tracing was kept constant. The scores consisted 
of the number of contacts (errors) between the stylus and the side of the pattern and the 
total duration of these contacts. Speed of gross body movements (bending and reaching) 
was included in the choice reaction-time test. The values reported here are the averages of 
50 reactions. Speed of medium movements involving the arm and hand was measured by 
the ball and pipe test (21) and speed of small hand movements by a 2-plate tapping test. 


Tabix 2. Eftect of bed rest ox basal metabolism, cardiac output axd heart size 


ruhcnoN 

BEFOKE 

AJTEE 

A . 

PER CENT 

B M.R., cc. Oj/min. . . 

228 

208 

— 20 

-8.8 

Stroke volume, cc. 

82 

80 

— 2 


Cardiac output, l/min. 

4.62 

4.71 

-t-0.09 


Transverse diameter of heart, cm. 

11.86 

10.87 

0.99 

-8.3 

Systolic heart volume, cc. 

563 

469 

-96 

— 16.9 


The amount of body sway during 2 minutes, with the eyes closed, was determined 
by an ataxiameter. 


RESULTS 

Cimdation at Rest. The effects of bed rest on the basal metabolism, car- 
diac output and heart size are presented in table 2. It wiU be noted that there 
was a small decrease in the B.M.R., no change in the cardiac output and a 
definite decrease in both the transverse diameter and the heart volume. The 
change in the heart size must be regarded as highly significant since it decreased 
in every case. 

The basal pulse rate, coimted before breakfast and after the two-hour 
quiet period in the afternoon, showed a significant progressive increase which 
averaged roughly one-half beat per day of bed rest (table 3). The change 
tended to be larger in the afternoon counts than in the morning. The pulse 
rates counted in conjunction with the cardiac output estimates showed a much 
smaller change (mean = 4-2.7 beats); apparently the manipulations of the 
re-breathing procedure abolished much of the bed rest effect. 
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Table 3. rate IXBEDBy averages O f successive IWO-DAYPE glODSrOR 6 KORMALYOi;yG 3 JS;j 


DAYS 

TIME 

C. TT. 

L. B. 

D. M. 

E. M. 

E S, 

A W, 

Alt 

I “2 

A.M. 

62.0 


51-0 

48.0 

44.0 

45-0 

47-0 


P.M. 

53-5 

56-0 

53-0 

45-0 

55-0 

54.1 

3-4 

A.M. 

51-5 

47-5 

48-5 

45-0 

43-0 

47-5 

47-2 

5~6 

P.M. 

66.5 

58-0 

55-0 

55-5 

43-0 

48.0 

54-3 

A.M. 

50.0 

44-0 

50-0 

52.0 

42.5 

44.5 

47-2 


P.M. 

67.0 

50-5 

56-0 

58.0 

46.0 

57-5 

55-0 

7 -S 

A.M. 

56-5 

47-5 

53-5 

53-5 

46.0 

47-5 

50.8 


P.M. 

74.0 

54-0 

58-0 

63-5 

50-0 

54-0 

58.9 

9-ro 

A.M. 

5^-5 

50.5 

53-0 

52.0 

46.0 

49-0 

51-2 


P.M. 

63.0 

57-0 

55-5 

64.0 

50-5 

53-5 

57.3 

M 

M 

1 

>-< 

hi 

A.M. 

60.5 

51-5 

59-5 

54-5 

47-0 

46-5 

53-3 


P.M. 

65.0 

59-5 

55-0 

59-0 

53-0 

5^-5 

57.2 

13-14 

A.M. 

54.0 

51.0 

57-5 

45-5 

47-0 

47.0 

50-3 


P.M. 

6g.o 

57 -5 

63-5 

65-5 

52.5 

57-0 

60.8 

15-16 

A.M. 

5S.0 

48.0 

58-5 

49-0 

44-5 

50-5 

51-4 

1 7-1 8 

P.M. 

80.5 

61.5 

67.0 

62.5 

50-5 

59-0 

63-7 

A.M. 

57-5 

58.0 

61.0 

57-0 

46.0 

43-0 

53-8 


P.M. 

77-5 

61.0 

70-S 

66.0 

50.5 

57-0 

63-8 

19-20 

A.M. 

54-5 

53-5 

57-0 

59-5 

43-5 

49.0 

32-8 


P.M. 

77.0 

61.0 

69-5 

75-0 

52-0 

55-5 

65.0 

21 

A.M. 

62.0 

54-0 

62.0 

62.0 

50.0 

53-0 

57.2 


P.M. 

Si.o 

70.0 

69.0 

70.0 



72-5 

Mean 

A.M, 

+0.35 

+ 0-55 

+0.65 

+0-53 

-fo.17 

+0.23 

+0.41 

A/day 

P.M. 

-fo.SS 

+ 0-57 

-TO. 89 

-fo.88 

+0,46 

+0.32 

+0.67 

F Value 

A.M. 

5-19^ 

15-39* 

22.19= 

6.31 = 

2.63 

4.01 

9-29' 


P.M. 

6M - 

11-83= 

28.36! 

27.81= 

18.00= 

5 - 13 ^ 

17.97* 


Pulse rates were counted at 8:30 A.ir. under basal conditions and at 3:30 p.ii. after 2 Lours of 
super^Tsed bed flat rest These are the ‘a.m,’ and ‘p.m.’ values. The line marked mean A/day presents 
the average pulse rate increase per day of bed rest. The F value is the result of the F test used to 
determine the significance of the ratio of the variation attributable to linear regression to the varia- 
tion attributable to de%'iations from regression. 

^ Significance at the 5% level. - Significance at the 1% level. 

Table 4. Effect of bed rest os respie-atory effictexcy, oxygex coxsiTiiFXiox,RESPiR.ATOEV 


QVOTIEST ASD IIECHAXICAL EFFICIENCY BEFORE AND AFTER BED REST 


! 

BEFOSB j 

ATTZE 

n 

PEE CENT A 


55-3 

2.003 

0.82 

46.1 

-9.2 

16.6 


1-913 

—0.090 j 

4o 


0-93 

-J-O.II 


Mechanical effidencj-, % 

I 5.20 

16.29 

+0-09 

0.05 


Wor^ Fei^orvmnce. The efficiency of grade walking on the motor driven 
treadmill was not influenced by 3 weeks of bed rest. The mechanical efficiency, 
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together with the respiratory quotient (R.Q.) and oxygen intake per minute, 
is presented in table 4. The rise in the R.Q. after bed rest is in accord with the 
accepted principle that as physical work becomes more strenuous the R.Q. in 
work increases. Subjectively, the men found the half-hour walk more difficult 
after their period of bed rest. The calculated mechanical efficiency was low 
because the external work done was calculated as the amount of vertical lift 
in grade walking and no account was taken of the cost of horizontal travel. 
Table 4 also includes data on the respiratory efficiency, i.e. the o.xygen removed 


Table s- Pulse rates in aerobic work before and after 3 weeks of bed rest 


SUBJECT 

PRE-BED REST 


2 

3 

< 

a 

)r REC 

S 

OVERV 

S 

9 

IS 

16 

FINAL 

D.ir. 

m 


174 

167 

160 

134 

139 

13T 

141 

153 

143 


R.il 

wm 

126 

I7I 

136 

143 

149 

143 

149 

130 

132 

140 


E.S 

■M 

121 

162 

162 

133 

143 

141 

143 

141 

X40 

138 


A.W 

139 

129 

167 

174 

163 

130 

142 

137 

132 

133 

133 


L.B.. . 


120 

163 

152 

147 

143 

139 

131 

143 

147 

137 


G.W 

121 


167 

161 

136 

147 

144 

131 

147 

146 

139 


Av 

127 

127 

167 

162 

134 

148 

142 

131 

146 

148 

142 

HHI 


Rates are the averages for the last 3 minutes of a 30-minute period of walking at 3.3 miles/hr. 
on a 10% grade. The number of days of ‘recovery’ after which the ‘final’ values were obtained is 
indicated in parentheses. 


Table fi. Oxygen cost of running on a 13 per cent grade at 7 miles per hour for go seconds 

BEFORE BED REST AND DURING RECOVERY FROM BED REST 



BEFORE 

AFTER 

1 WEEK 

2 WEEKS 

Work oxj'gen . . . 

3-712 

3-318 

3.300 

3.460 

Recovery oxygen 

9.860 

10.810 

10.410 

10.132 

Total oxygen 

23-373 

14.126 

13.712 

13-392 


Data are based on 4 men. All values are in liters of oxygen consumption less basal oxygen 
intake for designated period. 


from each liter of inspired air. A definite inefficiency in the removal of oxygen 
from inspired air during work is produced by bed rest. 

The effect of bed rest on the pulse rate during grade walking is presented 
in table 5. Thg dramatic rise in work pulse rate is one of the largest increases 
caused by stress which has come to our attention. It will be noted that the 
increase due to bed rest had been reduced by only 50 per cent at the end of 16 
days of recovery. Examination of the final values indicates that this function 
had returned to normal some time before 36 days. 

The oxygen cost of running up a 15 per cent grade at 7 miles per hour for 
the 4 men on whom satisfactory measurements of oxygen debt were obtained 
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is presented in table 6. If an overall R.Q, of i.o is assumed for this rate of work, 
the cost of the anaerobic work was increased by 556 cc. of oxygen or 4 per 
cent. At the end of 2 weeks of recovery, the men were able to perform the task 
with the same mechanical efficiency as before bed rest. 

The capacity of the cardiovascular respiratory system to deliver oxygen 
to the muscles under stress was measured by the oxygen intake during the 90 
seconds of running. Detailed data are presented in table 7. The average oxygen 
intake during the actual run was reduced by 730 cc. or 16 per cent. Recovery 


Table 7. Oxygen intake in liters during run on 15 per cent grade at 7 miles per hour 

BEFORE AND DURING RECOVERY FROM BED REST 


SUBJECT 

BAYS AYTEE BED BEST 

Before 

2 

9 

16 

Final 

R.M 

4.61 

3 - 5 ° 

3-75 

3-87 


D. ilf 

3-93 

3-63 

3-78 

4.00 


A.W 

7.41 

S- 7 S 

6.75 

6.82 


E.S 

4-47 

4.04 

4.13 

4.14 


L.B 

3-19 

3 - 3 S 

2.81 



G.W 

3 -SS 

. 2.56 

2,68 



Mean 

4-53 

3.80 

3-98 


HHI 


All men ran 90 seconds except A. W. who ran 2 minutes. Time, in days, of the final observa- 
tion is given in parentheses. 


Table 8. Maximal oxygen intake in two men before and after bed rest 


SUBJECT 

BEFOKE BED BEST 

AFTER 

A 

PEE CENT 

10% 

12 . 5 % 

10% 



R.M 

4.15 

3 -S 4 

3.85 

4.02 

3-25 

— 0.90 

21.7 

d.m 

3 -So 

3-76 

3-07 

-0.47 

13-3 


3.18 

— 0.67 

17.4 






Expired air was collected between i'45" and 2'45" of a 3-minute run at 7 miles/hr. and at the 


grade indicated in the table. 


was not complete after 16 days of post bed rest activity but appeared to be 
normal at 36 days. 

True maximal oxygen intakes under standard conditions were determined 
on 2 subjects before and after bed rest. In this test the expired air is collected 
after the oxygen intake has reached a plateau, i.e, between i'4S" and 2 45 0 
a run at 7 miles per hour. The grade selected gave 'maximal’ oxygen mtakes 
since a further increase in grade did not produce any increase in oxygen inta 
The data presented in table 8 show that the maximal oxygen intake was re- 
duced by 17 per cent in these two men. It is clear that the cardiovascu ar 
respiratory system was impaired by bed rest both in its ability to acce era e 
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the delivery of oxj’^gen to the tissues and in the maximal amount that it could 
provide under standard conditions after the acceleration phase was completed. 
The effect of bed rest on the lactate concentration in the blood after ruiming 
at 7 miles per hour up a 15 per cent grade for 90 seconds is presented in figure 
2. Part of the change after bed rest must be attributed to the small increase 


Fig. 2. EiTEcrJor bedJrest 
on the lactic add concentration in 
the blood after running for 90 sec- 
onds on the treadmill at 7 miles per 
hour and 15% grade. 



Tabie 9. Average fttlse rate and systouc blood pressure responses to tilting to 68° on 

TILT TABLE (INCLUDING THE CRAilPTON POSTURAL AD;ruSTSIENT ‘sCORE’) 
or SEC HEN BEFORE AND DURING RECOVERY FROM BED REST 


COKDITION 

iTEASURrilENT 

CONTROL 

DA 

1 

01 

2 

REC 

BED 

8 

OVER 

REST 

9 

V TH 

IS 

3 M 

16 

PINALl 

Supine 

Pulse rate, beats/min. 

so SI 

6s 


S8 

S 7 

61 

60 

52 

Tilted 


63 64 

102 

89 

90 

86 

84 

81 

71 

Difference 


13 13 

37 

27 

32 

29 

23 

21 

19 

Supine 

Systolic B.P., mm. Hg 

113 “3 

120 

113 

IIS 

no 

1 14 

no 

112 

Tilted 


III II3 

106 

109 

109 

109 

107 

108 

109 

Difference 


2 0 

14 

4 

6 

I 

7 

2 

3 

Crampton score 


S6 63 

— 2 

33 

21 

39 

23 

44 

46 


‘ See table 10 for time interval. 


in the cost of the work. The blood lactate following exhausting work had 
returned to normal two weeks after resvuning activity. 

Response to PosHire. The cardiovascular response to posture was poor 
after bed rest. The tilted pulse increased 38 beats per minute and the tilted 
systolic blood pressure decreased 6 mm. Hg. The postural adjustment score 
decreased dramatically. The results are presented in table 9. In spite of the 
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fact that the men were tilted for 15 minutes none of them fainted either before 
or after bed rest. However, after bed rest all men showed such signs of increased 
autonomic nervous system activity as increased palmar sweatmg, pallor and 
restlessness. The individual values of the postural adjustment scores are pre- 
sented in table 10. It is apparent that recovery of the original response to 
posture after bed rest was slow and probably took place between 49 and 72 
days after getting out of bed. 

The effect of bed rest on the maintenance of a steady vertical posture was 
studied by means of the ataxiameter. Since the test was carried out with the 


Table 10. Posxctral adjustment scores (crampton) before and during recovery from: 

BED REST^ 


SUBJECTS 

CONTROI. 

1 

DAYS 0 ? HE 

* 

COVERY FHO 

9 

U BED Jtzsi 

IS 

16 

riNAL 



70 

S 

20 

25 

35 

40 

48 {49) 

D.M 

60 

15 

25 

30 

40 

45 

52 (49) 

A. W 

<5S 

-35 

IS 

ss 

10 

35 

60 (72) 

E.S 

S5 

5 

20 

45 

35 

40 

70 (72) 

Z.B 

70 

-IS 

0 

30 

— 10 

45 

20 (36) 

aw 

55 

IS 

4S 

so 

30 

60 

30 (36) 

Mean 

62.5 

- 1.7 

20.8 

39-2 

23-3 

44.2 

46.7 


^ Time in days of the final observation is given in the parentheses. 



Fig. 3. Effect of bed rest 
on total sway in centimeters as 
measured by the ataxiameter dur- 
ing a 2-minute period of standing 
with the eyes closed. The observa- 
tion 5 days after arising from bed 
was followed by 3 weeks of no 
practice to demonstrate that lack 
of practice for this time period had 
no influence on the observations 
immediately following bed rest. 


eyes closed the influence of the visual cues, which are important in the mainte- 
nance of the upright posture, are not measured by the procedure. The results 
are presented in figure 3. Bed rest produced a marked increase in the total 
sway of the individual during the 2 minutes of quiet standing but the pre-bed 
rest condition was attained at the end of 5 days of recovery.^ Since the score 
attained on the ataxiameter is susceptible to practice an objection could be 
raised that the observed change might have been related to the fact ^ 
tests were made during the 3-week period of bed rest. To test this possi 1 y 
a period of 3 weeks of no practice was inserted in the schedule after the men 


















November ig-fQ 


BED REST AND WORK PERFORMANCE 


233 


had readied their control value. The test was then repeated and it wiU be 
noted in figure 3 that tlie period of no practice had no effect on the score. 

Psychomotor Tests. The results of psychomotor tests are presented in table 
II. The only items in this group that changed during bed rest were strength 
as measured b}^ the back lift and coordination as measured by the number of 
errors in the pattern tracing test. Both items had essentially returned to normal 
by the end of the ist four days of post bed rest activity. That lack of practice 
per se during bed rest was not tlie cause of the deterioration of these functions 
is e\ndent from the failure of a 3-week no-practice period to produce any change 
(table 11). 


Table ii. Results of psychomotor tests 



DAYS 

STEENOXn 

SPEED OP MOVEMENT 

Hand grip 

Back lift 

Coordi- 

nation 

Gross anns 
and body 

Sredium 
arms and 
hand 

Small hand 

Pre-bed rest 

I 

61 

iSo 

64 

45 

65 

62 


2 

60 

183 

64 

45 

6s 

61 

Post-bed rest 


S9 

16S 

76 

48 

63 

60 



S9 

167 

75 

47 

63 

62 



61 

172 

68 

46 

64 

63 



62 

175 

64 

46 

65 

64 

Control period 


62 

184 

56 


64 

62 


■I 

63 

186 

56 


66 

62 


Strength was measured with standard dynamometers and expressed in kilograms. Coordina- 
tion, as measured by the pattern tracing test, is expressed as the number of contacts between the 
stylus and sides of the path in one tracing of the pattern. Speed of gross (arm and body) movements 
is expressed as the average time, in 1/120 sec. of 50 reactions. Speed of medium (arm and hand) 
movements as measured by the ball-pipe test is expressed as the number of times a steel ball was 
passed through a one-foot pipe in one minute. The speed of small (hand) movements as measured 
by the 2 plate tapping test is expressed as the number of taps in 10 seconds. Good performance is 
indicated by larger values in hand grip, back lift and the tests of speed of medium and small move- 
ments. 

Eerniorrhaphy. When stibject E. S. arrived at the Laboratory he had a 
hernia which was in need of repair. It was decided to take advantage of this 
situation and to compare the effects of uncomplicated bed rest and that of bed 
rest plus surgery. Three months of reconditioning after the standard tour in 
bed rest were allowed to insure complete recovery from the deconditioning in- 
duced by bed rest alone. The standard pre-bed rest tests were carried out with 
the exception of the back lift and the anaerobic work. After the herniorrhaphy 
the subject followed the same routine as he had in bed rest, ate the same food, 
and began active convalescence exactly 3 weeks after the operation. Perform- 
ance tests were carried out for 15 days after arising from bed. 
















Table 12. Comparison of effects of bed rest and herniorrhaphy (‘operation’) plus bed 
REST on body weight, PULSE, OXYGEN CONSUMPTION, AND RESPIRATORY EFFICIENCY AT END OF 
HALF-HOUR WALK AT 3.5 MILES PER HOUR AND lO PER CENT GRADE 


FaNCTION 

CONDITIONS 

BEFORE 
BED REST 

(days) 

EECOVESY (days) 

1 

1 

9 

15 

Weight, kg. 

Walking pulse, beats/min. 

Walking Oj intake, 1 /min. 

Respiratory efficiency 

Bed rest 
Operation 

Bed rest 
Operation 

Bed rest 
Operation 

Bed rest 
Operation 

I 7 S -0 

175-0 

121 

118 

2.07 

1.90 

53-6 

50.2 

173.0 

168.0 

162 

168 

1.97 

1.82 

44.2 

41.6 

175-5 

X74.0 

141 

136 

2.00 

1.94 

49-7 

47.6 

i 7 S-o' 

176.0 

140 

140 

2.01 

1. 91 

SI . 7 
S2.I 


Table 13. Comparison of cardiovascular response to posture before and after bed best 

AND ItERNIORRHAFHV lU SDBJECT E. S. 


FUNCTION 

CONDITIONS 

BEFORE 
BED REST 

(days) 

I 

srcoviBY (days) 

1 

1 

9 

15 

Resting pulse, beats/min. 

Bed rest 

48 

58 

48 

42 


Operation 

42 

48 

42 

44 

Resting systolic B.P., mm. Hg 

Bed rest 

120 

120 

120 

120 


Operation 

122 

122 

116 

126 

Resting diastolic B.P., mm. Hg 

Bed rest 

84 

82 

70 

68 


Operation 

82 

86 

88 

78 

Tilted pulse, beats/min. 

Bed rest 

60 

97 

76 

70 


Operation 

54 

102 

60 

S8 

Tilted systolic B.P., mm. Hg 

Bed rest 

117 

III 

118 

117 


Operation 

117 

107 

113 

I2I 

Tilted diastolic B.P., mm. Hg 

Bed rest 

94 

89 

87 

8S 


Operation 

89 

94 

91 

91 


Table 14. Comparison of effects of bed rest and herniorrhaphy in subject e. s. on 

, psychomotor tests 


FUNCTION 

CONDITIONS 

FRE BED REST 

(days) 

POST BED REST (DAYS) 

- 

1 

2 

1 

2 

3 

4 

5 

16 

27 

Hand grip 

Bed rest 

66 

62 

62 

62 

62 

62 

62 

62 

64 

Operation 

60 

60 



54-8 

58.5 

57-5 

58.5 

57 

n8 

Coordination 

Bed rest 

89 

86 

102 

106 

100 

90 

80 

75 

70 

Of> r* 


Operation 

70.5 

65.0 



90-5 

75-7 

82.5 

74 

o5*5 

Gross speed 

Bed rest 

52 

54 

56 

52 

53 

53 

51 

58.7 


Operation 

61 

62 



65-3 

64.6 

63-7 

59*^ 

64 

Medium speed 

Bed rest 

61 

62 

63 

64 

64 

64 

64 

04 

66.3 


Operation 

65.5 

66. s 



6 S -5 

66. s 

64.0 


66 

Small speed 

Bed rest 

60 

60 

60 

60 

62 

64 

64 

k 8 .S 

71.3 

Body sway 

Operation 
Bed rest 

63 

36.0 

61 

39 -S 

54-5 

49.0 

47-5 

65.2 

41.5 

41-5 

42 . 5 

36-5 

Operation 

38.0 

36-5 

5 i .5 

44-0 


38.0 

43-0 


— 


Line headings and units are explained in title of table ii. 
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The results are presented in tables 12, 13 and 14. The increased stress of 
bed rest plus herniorrhaphy over that of bed rest alone was reflected in small 
increases in the work pulse and the tilted pulse, in small decreases in the grip 
strength and in a deterioration of performance in the coordination test. How- 
ever, the deconditioning produced by bed rest plus herniorrhaphy was of the 
same order of magnitude as that produced by bed rest alone and the rate of 
recovery after bed rest plus herniorrhaphy did not differ materially from that 
after bed rest alone. 


DISCUSSION 

The New York Experiment. An important study on experimental bed rest 
was reported recently by Dei trick, ttfliedon and Short (10). In comparing the 
present results with those of the New York group, several differences in the 
experimental conditions must be noted. The 4 young men studied in New York 
were immobilized in bivalve casts extending from the lunbilicus to the toes. 
Except for some 30 to 40 minutes daily, the casts were in place for 6 to 7 weeks. 
There was also a major difference in the dietar)’- plan. With the Minneapolis 
subjects, the caloric level of the diet was adjusted to the activity level with the 
result that the body weight was maintained constant in the control period on 
an intake which varied from 3400 to 4400 calories a day and in the bed rest 
period on an intake of 2300 to 2400 calories daily. The New York subjects, 
however, received the same diet at all times, this being set at the balance level 
for the control period before bed rest; this provided 2500 calories daily for one 
man and 2800 calories for each of the other three subjects. During the control 
period the New York subjects were not only up and about; they took one-hour 
walks three to four times a week and had a daily schedule of 30 minutes of 
calisthenics and 30 minutes of swimming. However no estimate of the energy 
expended in these activities was provided. It would be expected that the differ- 
ence in overall energy expenditure between immobilization and the control 
period would be very substantial. However, the data presented by the New 
York group indicate that this difference was in fact very small. The subjects in 
the New York group did not gain weight during their 6-week period of im- 
mobilization. Deitrick et al. suggested that the weight constancy of their sub- 
jects was “probably the result of the simultaneous loss of muscle protoplasm 
and storage of fat or carbohydrate” (10). If we accept this hypothesis and the 
recorded food intakes of the New York subjects, we can calculate that the 
difference in total energy expenditure between the control period and immo- 
bilization must have been only of the order of 350 calories a day. This is a very 
slight reduction in energy expenditure but is not incompatible with a change 
in activity confined to a localized area of the body. There is no doubt that a 
sigiuficant degree of localized immobilization was obtained by the New York 
group. Their data give clear evidence that actual atrophy of the muscles in 
the lower extremities was achieved. 
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In. spite of these differences, many of the results were closely similar in 
the two groups. There was a common loss of tolerance to exercise and vertical 
stance and essentially no change in grip strength. The New York subjects 
suffered a loss of strength in the leg muscles, notably the anterior tibial and 
the gastrocnemius-soleus group. These muscles were not studied at Minne- 
apolis but our subjects showed some docline in back strength. Our subjects 
lost an average of 1.76 grams of nitrogen per day in bed rest (12) as compared 
to an average of 1.58 grams for the New York subjects in the first 3 weeks of 
immobilization. 

The small activity-immobilization total energy expenditure difference may 
well account for the smaller basal pulse rate and blood volume (15) changes 
which were found in New York as compared to Minneapolis. The failure to 
find a change in the heart size in the New York subjects is not surprising be- 
cause apparently no serious effort was made to obtain quantitative data. 

Gmeral Comment. Coordination, speed, strength and endurance are the 
fundamental components of fitness. Since no single test samples the perform- 
ance of all these functions, a battery of tests was used which covers the several 
components of fitness. The rationale for this approach has been discussed else- 
where (23). We wish to emphasize that a high degree of conditioning has been 
attained in each of the several tasks employed as test situations before the 
men entered upon bed rest. 

The deterioration of cardiovascular function in our subjects may be some- 
what larger than one would find in the completely sedentary individual who 
has spent an equal amount of time in bed. Our subjects experienced feelings of 
tiredness on getting out of bed. It is apparent that there is a minimum degree 
of cardiovascular fitness which is necessary to carry on even a sedentary occu- 
pation without fatigue. The evaluation of tins degree of fitness must await 
further work. 

One might inquire whether the negative nitrogen balance which was 
present during bed rest played an important role in the loss of fitness which 
these men suffered. It is obvious that if such a negative nitrogen balance were 
continued for an indefinite period a large loss of strength would result. How- 
ever, it can be stated that a nitrogen loss per se of the order of magnitude sus- 
tained by our subjects (an average total of 37 grams of nitrogen, corresponding 
to about I kg. of muscle) does not necessarily play an important role in the 
loss of fitness. Studies on the effects of complete starvation and hard work 
showed that men who had lost 30 to 40 grams of nitrogen during a 5'day 
period of hard work without food recovered their fitness within 5 days (24). 

Physical conditioning is always the result of activity, i.e. muscular exer- 
cise. The extent to which any of the principal components of fitness ^lu im- 
prove during the conditioning process varies with the type of task w ic is 
employed to produce conditioning. In the present experiments a broa program 
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of conditioning was employed. Bed rest which implies nearly complete inac- 
ti\dty is in principle the converse of procedures which result in a high degree 
of fitness. Actually the deconditioning resulting from the bed rest was not a 
true reverse of tlie conditioning process since only one item, endurance (cardio- 
vascular function), of tlie four components of fitness showed an important 
degree of deterioration. 

The results reported here have a definite bearing on the intelligent plan- 
ning of convalescent programs. In dealing with the deconditioned individual, 
the techniques and procedures used should be planned so that those systems 
which have undergone deterioration will be given the greatest activity (exer- 
cise) which is compatible with the patient’s condition. It is obvious that many 
diseases present special problems in reconditioning but it is equally obvious 
that the common denominator in the deconditioning of most patients is bed 
rest. A reconditioning program for anyone who has undergone a prolonged rest 
in bed should employ metliods which improve cardiovascular performance in 
work and tlie vertical posture. The success of the Army Air Forces recondition- 
ing program (8, 25) is ample testimony that exercise within the capacity of 
the patient is the most efficient tool for the practical reconditioning of patients. 
This is in accord with our own results since even mild exercise places a greater 
stress on the circulation than on any other known factor. We insist that no 
conditioning will be achieved without placing some stress on the circulation. 
In this connection it may be mentioned that little is known of the effects of 
massage and heat in reconditioning the circulation. 

The long persistence of poor cardiovascular adjustment to the upright 
posture after bed rest in spite of ample physical exercise indicates that the 
problem of posture should receive special attention. The successful use of the 
head-up bed in the treatment of postural hypotension (26) suggests that this 
procedure might be of use in a well planned convalescent program. Whedon, 
Deitrick and Shorr (27) have reported that the use of the Sanders’ oscillating 
bed (28) during the period of immobilization reduced the loss of cardiovascular 
efficiency in the vertical stance and also favorably influenced some of the 
metabolic effects of bed rest such as the loss of nitrogen and calcium. 

SUMMARY AND CONCLUSIONS 

Six healthy young men whose ages were from 20 to 33 years were studied 
before, during and after a 3- to 4-week period of bed rest. Measurements were 
made under rigidly controlled conditions on the performance of the cardio- 
vascular system (at rest, in the upright posture, and during work), and on 
speed, coordination and strength. A high degree of conditioning for the per- 
formance of all tests was achieved before the bed rest period. 

Bed rest produced a 17 per cent decrease in heart volume and an 8 per 
cent decrease in the transverse diameter of the heart. There was a highly sig- 
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tiificant increase in the resting pulse rate which average roughly 0,5 beats per 
minute for each day of bed rest. The pulse rate at the end of a half-hour walk 
at 3.5 miles per hour and 10 per cent grade increased by 40 beats per minute 
after bed rest. There was no change in the mechanical efficiency during this 
walk, as the result of bed rest. 

The oxygen intake during a 90-second run at 7 miles per hour and 15 per 
cent grade was reduced by 730 cc. of oxygen or 16 per cent after 3 to 4 weeks 
of bed rest. This was accompanied by increases in oxygen debt and blood lac- 
tate after the run and a decrease in mechanical ediciency. The maximal oxygen 
intake was determined in 2 men who showed decreases of 13 and 22 per cent 
after bed rest. 

Bed rest produced a marked deterioration in the cardiovascular response 
to posture as measured by pulse rate and blood pressure changes produced by 
tilting to 68° on a tilt table. Ataxiameter studies showed that a definite in- 
crease in sway resulted from bed rest. Coordination, as measured by pattern 
tracing, suffered a small loss as the result of bed rest while speed of small hand' 
movements, of medium arm and hand movements and of gross body and arm 
movements showed no deterioration. Grip strength was not influenced by bed 
rest and back strength showed only a small deterioration. 

After bed rest the rate of recovery of the various functions was roughly 
proportional to the extent of the deterioration in bed rest. Strength, coordina- 
tion, and postural sway recovered early (4 days) ; blood lactate after exhausting 
work, and the oxygen cost of exhausting work recovered at an intermediate 
time (2 weeks) ; pulse rate during grade walking and O2 intake during exhaust- 
ing work recovered late (between 2 and 5 weeks), and the cardiovascular re- 
sponse to posture was very late in returning to normal (after 7 weeks). In one 
man the effect on the principal components of fitness of a herniorrhaphy with 
bed rest for 3 weeks was of the same order of magnitude as bed rest alone. 

It is concluded that the deconditioning due to bed rest has special char- 
acteristics, with the major loss of performance occurring in the cardiovascular 
system. 

We thank Dr. Clarence Dennis, Professorof Surgery, for performing the herniorrhaphy 
and providing conditions in the Hospital comparable to those in the Laboratory. It is a 
pleasure to acknowledge the conscientious cooperation of Donald Martinson, Ralph Mich- 
ener, Adrian Wilson, Eugene Sunnen, Grant Washburn and Lynn Brown who served as 
subjects. Mr. Walter Carlson performed the gas analysis. Mis. Angie Sturgeon Skinner, hea 
technologist, Mrs. Nedra Foster, Dietitian, and Miss Francis Hannah, R.N., provided 
indispensable assistance. 

REFERENCES 

1. Co Tui, F., A. M. Wright, J. H. MuiuonrAKD, V. Cababba, I. Barcham and V. J. 

Vinci. Ann. Surg. 120: 99, 1944. , 

2 . Koob, C. E., J. H. Drew, C. Riegel and J. E. Rhoads. Ann. Surg. 124- 



Novmlcr ip^p 


BED REST AND WORK PERFORMANCE 


239 


3. Howaiu), J. E. Arch. Surg. 50: 166, 1945. 

4. Keeton, R. W., W. H. Cole, N. Calloway, N. Glickman, H. H. Mitchell, J. 
Dyniewicz and D. Hoi\xs. Aim. Ini. Med. 28: 521, 1948. 

5. Symposium on the Abuse of Rest in the Treatment of Disease. J. A.M. A. 125: 1075, 1944. 

6. Dock, W. 5 . Clin. North America 25: 437, 1945. 

7. Leithauser, D. j. Early Ambulation and Related Procedures. Springfield, 111: Charles 
C Thomas, 1946. 

8. Van Raitnswaay, A. C., G. C. Erickson, E. P. Reh, J M.. Seikierrki, R. R. Pottash 
AND B. Gumbiner. j. a. M. a. 124; 1, 1944. 

9. Cdthbertson, D. P. Biochem. J. 23: 1328, 1929. 

10. Deitrick, j. E., G. D. Whedon and E. Shorr. Am. J. Med. 4: 3, 1948. 

11. Howard, J. E., R. S. Bigham, Jr., H. Eisenberg, D. Wagner and E. Bailey. Bull. 
Johns Hopkins Eosp. 78: 282, 1946. 

12. Miller, E. v. O., O. Mickelsen, W. W. Benton and A. Keys. Federation Proc. 4: 
99. 194S- 

13. Taylor, H. L,. A. Henschel, L. Erickson and A. Keys. Federation Proc. 4: 71, 1945. 

14. Brozek, j., H. Guetzkow and A. Keys. Federation Proc. 4: 10, 1945. 

15. Taylor, H. L., L. Erickson, A. Henschel and A. Keys. Am. J. Physiol. 144: 227, 1945. 

16. Keys, A., H. L. Friedell, L. H. Garland, M. F. Madrazo and L. G. Rigler. Am. J. 
Roentgenol. Rad. Therap. 44: 805 1940. 

17. Grolluan, a. The Cardiac Output of Man in Health and Disease. Springfield, 111.: 
Charles C Thomas, 1932. 

18. Crampton, C. W. Am. J. M. Sc. 160: 721, 1920. 

19. Edwards, H. T. J. Biol. Chem. 123: 571, 1938. 

20. Brozek, j., H. Guetzkow, 0 . Mickelsen and A. Keys. J. Applied Psychol. 30: 359, 
1946. 

21. Brozek, J. J. Gen. Psychol. 31: 123, 1944. 

22. Brozek, J. and H. Alexander. Am. J. Psychol. 60: 629, 1947. 

23. Taylor H. L. and J. Brozek. Federation Proc. 3: 216, 1944. 

24. Henschel, A., H. L. Taylor and A. Keys. To be published. 

23. Rusk, H. A. M. Clin. North Am. p. 713, May, 1943. 

26. MacLean, a. R. and E. V. Allen. J. A. M. A. 113: 2162, 1940. 

27. Whedon, G. D., J. E. Deitrick and E. Shore. Am. J. Med. 6: 684, 1949. 

28. Sanders C., E. J.A M.A. 106: 916, 1936. 





Effect of Submersion in Water on the Volume of 
Residual Air in Man" 

JOSEF BROZEK, AUSTIN HENSCHEL and ANCEL KEYS, with 
the technical assistance of WALTER CARLSON. From the Laboratory 
of Physiological Hygiene, University of Minnesota, Minneapolis, 
Minnesota ’ 


T 

-a- HE POSSIBILITY OP ESTIMATING the proportion of fat to other tissues in 
the body by measurement of the density of the body has been demonstrated 
(i). The principle of Archimedes is convenient for the measurement of density 
but in the case of intact man it is necessary to correct for the air in the lungs, 
even when the underwater weight is recorded at the end of ma.Yimfll expira- 
tion. The most obvious source of error in the density measurement, and thereby 
in the indirect estimation of fat, is the uncertainty as to the volume of the 
residual air in the lungs at the time of weighing. 

The data on residual air volume reported in the literature have been ob- 
tained under ordinary environmental conditions (in air). On theoretical grounds 
one might expect that with the subject completely immersed in water during 
the process of exhalation, the volume of residual air would be somewhat smaller 
than when determined in air. There is at least one indication that this may be 
the case (2). Hamilton and Mayo stated, incidental to another problem, that 
when a subject standing in water and forcing the air out of his lungs is allowed 
to sink and to complete the expiration at a depth of two to three feet, the pres- 
sure of the water against the thorax enables him to expel a volume of air larger 
than normal ‘vital capacity.’ The statement was not documented. 

The present study was designed to provide quantitative information on 
the effects of submersion on the volume of residual air in man. 

EQUIPMENT POR WEIGHING SUBMERSED SUBJECTS 

The scale assembly for weighing the subjects while submerged is illustrated 
in figure r.^ Suspended from the lower hook of the scales is a seat made from 
I" stainless steel sheet hung from a frame of Y stainless steel rods. The 
assembly is tared for weighing subjects submerged in water with the chair low- 
ered so that the bottom of the hook that connects the frame to the scales just 
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touclics the water level. The scale and seat assembly is raised and lowered by 
means of a 500-pound capacity electric hoist. 



Fig. I. Arrangement for loMcring subjects into tank filled uilh tvater and tveighing them 
submersed. 


PROCEDURE 

The volume of residual air was determined for subjects at complete expira- 
tion both while completely submerged in water and while seated in the room 
in which the under-water weighing was done. The open-circuit, nitrogen- 
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dilution method (3) was used with slight modifications necessitated by under 
water determinations. The essential details of the equipment are illustrated in 
figure 2. 

The Tissot gasometer is first thoroughly flushed with oxygen while the 
mhes A and D are turned to allow the flow of the gas through the by-pass 
tube. After flushing they are turned to the position allowing the oxygen to 
reach valve B. The subject is seated in the weighing chair, with his nose clip 
adjusted to prevent breathing through the nose. A rubber mouthpiece, at- 
tached to the short pipe (between valves B and C), is inserted. The vital- 



capacity spirometer is filled to allow for the first inhalation of O2. The one-way 
valves B and C are turned to allow breathing of the room air. 

Our customary procedure for density measurements was followed in con- 
nection with the determinations of under-water residual air. The subject is 
instructed to take in a moderate breath and then to exhale as he is lowered into 
the tank until the bottom of the hook on the weighing scale touches the water. 
The distance between the hook and seat of the chair is 96 cm. The temperature 
of water is kept at 36° ± o-5°C. Pipes F and G extend above the water so that 
the subject does not exhale against pressure. Having completed the exhalation 
the breath is held for 3 to 5 seconds while the weight is read (to the nearest 
100 gm.). Following this the subject is lifted above water and instructed to 

breath normally. 
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Three or more preliminary weighings are made to check the consistency 
of the under-water weight obtained after a forced, maximal expiration. If three 
preliminary weighings check within ± 100 grams it is concluded that the 
subject is ‘trained’ and may be relied upon to produce minimum values of the 
residual air volume in the actual determinations of the latter. On the fourth 
submersion, when the weight reaches the previously established level, valves 
B and C are turned, with the subject immersed and holding his breath, to 
allow inspiration of o.xygen from the spirometer and expiration into the Tissot 
gasometer. After the valves have been adjusted, the subject is raised above 
water and allowed to breath oxygen for a period of 7 minutes. Oxygen which 
has been bubbled through water to assure saturation with water vapor is 
supplied to the spirometer at a rate required by the subject. After 7 minutes 
the volume of expired air in the Tissot gasometer is noted and samples for the 
analysis are drawn. After each determination the tubing and the gasometer 
are flushed sLx times vdth about 6 liters of oxygen. A hose connects the Tissot 
gasometer with the outdoors to prevent increasing the room air O2 when flush- 
ing the tubing and the gasometer. 

After the measurement has been completed the subject is allowed to dry 
himself and put on a bathrobe. He remains reasonably quiet for the next 30 
minutes at which time the procedure is carried out, except that the subject is 
not immersed in water. The determinations were repeated about a week later. 

The gas samples were analyzed in the Haldane apparatus using the nitro- 
gen storage method (4) except that two pyrogallol chambers were used. One 
of them served to store 6 to 7 cc. of Nz which was later brought into the sample 
when a suflScient amoimt of O2 was absorbed. Duplicate analyses were made 
and the two values were averaged. 

The residual air volume was cdculated following Coumand et al. (3). The 
known dead space of the gasometer and the space between valves B and C were 
taken into account in the calculations. The amount of nitrogen excreted from 
the lungs during the period of breathing pure oxygen was estimated on the 
basis of data provided by Cournand, Yarmush and Riley (5). 

Subjects. The 9 subjects were students with an age range from 18 to 28 
years. AH of them were in good physical health and of average body build; 
none was either grossly obese or emaciated. 

RESULTS 

The values obtained on two occasions for air volmnes remaining in the 
lungs and the respiratory passages after a complete exhalation in air and under 
water are given in table i. In 13 of 18 determinations the residual air volume 
was slightly smaller under water than in air. 

For computational purposes the differences (di and do) obtained for each 
individual (n = 9) on the two separate trials were combined. The last column 
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in table i represents these differences, d, defined for each individual as d = 
(di + d2)/2. The overall average difference, d, was -129 cc. The results ob- 
tained in the two separate trials were fairly consistent within the individual 
subjects. This suggests tliat we are dealing with a real difference produced by 
submersion. However, the differences between individuals are relatively large. 
The F ratio, based on the 9 d values and equivalent to a f for paired variates, 
is 4.96. For one and 8 degrees of freedom the F value is 3,46 at the 10 per cent 
level of significance and 5.32 at the 5 per cent level. The F value of 4.96 ap- 
proaches but does not reach the 5 per cent level of statistical significance. 
Similar results were obtained when a more complex analysis of variance was 
applied. Consequently, one must suspend the judgment whether or not there 
is a difference between the two conditions under which the residual volume was 


Table i 


SUB:fECT 

! TftlAI. 1 

1 .. . . 

TRIAti 1 

1 

d 

mm 

Wt 

di 

■■ 

Wi 


J-E 

1379 

1436 

+57 

j I44S 

1 

I 1594 

-f-io6 

+8t.S 

D.T 

II 4-3 

IIIQ 

-24 

1 1026 

i 1029 

+3 

I -lo.S 

R.R 

X7S9 

1375 

-414 

I 1786 

1371 

-415 

' -414-5 

J-H 

i 1944 

1847 

-« 

1916 

1684 

-232 

-164-5 

P.W 

149^ 

1566 

+70 

' 1472 

1564 

+92 

H-Si.o 

S.N. 

2013 

1725 

-288 

2067 

1682 

-38s 

-336.5 

L.E 

1682 

1479 

-203 

1607 

1373 

-234 

-218.5 

D.A 

H 73 

1365 

— 108 

1531 

138s 

— 146 

—127.0 

B.T 

1394 

1337 

-57 

1199 

1149 

Kg 

i - 53-5 

Mean 

1590 

1472 

1 1 

1566 

1426 

K 

1 —129.0 


Values, in cc., of tie residual air volume determined above water (A) and during complete 


submersion (W); d — 


determined. Further work is necessary in order to uphold or disprove the 
hypothesis that residual volume decreases, on the average, in submersed sub- 
jects. On the basis of the available data it is not safe to generalize beyond the 
sample actually studied; the mean difference found here should be applied with 
caution to other groups. 

The data in table t indicate that there are not only individual differences 
in the magnitude of the response to submersion but, in 2 subjects, the direction 
of the difference was reversed on both trials. Obviously, there is more than one 
factor determining the effect of submersion on residual air volume. The 
mechanical compression should help the subject to exhale more completely. 
On the other hand, the psychological effect of the submersion resulting, at 
least in some individuals, in a moderate degree of anxiety might inhibit the 
exhalation. We are unable to suggest any other important mechanisms an t e 
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recorded differences must be considered as a resultant of the two factors. In 
subjects J.E. and P.W. (table i) the ps3>'chological effect was predominant and 
produced a larger residual air volume under water. 

The mean difference of 130 cc. between the residual volume obtained under 
the two conditions does not appear very large. What effect would it have on 
the specific gravity and the derived estimate of the percentage body fat had 
the ‘air’ rather than ‘undens'ater’ values been used? For our 9 subjects the 
average values of body weight in air = 78.006 kg., body weight in water = 
3.S00 kg,, residual volume in air = 1.578 liters, residual volume in water = 
1.449 liters. The average values of specific gravity are 1.074 and 1.072, respec- 
tively. According to the conversion tables worked out by Rathbun and Pace 
(6) these values of specific gravity correspond to 12.2 and 13. i per cent of the 
body as fat. 

Of interest is a slight drop in the average values obtained in the present 
series on the second trial under both conditions. The value for the residual 
volume determinations in air decreased from the first to the second trial by 
24 cc., for the under-water determinations by 40 cc. This change may be re- 
garded as a result of ‘practice’ in the procedure, resulting in a slightly more 
complete e.xhalation. These trial-to-trial changes were small and would not be 
considered statistically significant but they increase somewhat the apparent 
day-to-day variations in the residual air volume. 

In the literature there is very limited information on the repeatability of 
the values obtained for residual air. Rahn, Fenn and Otis (7) reported an 
average intra-individual standard deviation of 84 cc. with a range from 57 to 
loi cc. for 5 male subjects measured five times a week for 7 weeks. No comment 
was made as to the presence or absence of a practice trend. In our group the 
average intra-individual standard deviation of the values was 66 cc. for meas- 
urements done in air and 78 cc. for residual air volumes obtained on submersion. 

SUMMARY 

Determinations of the volume of residual air were made under ordinary 
conditions with the subjects exhaling in air, and during complete submersion. 
Nine normal young men served as subjects. 

The average values, obtained in two sets of measurements made about a 
week apart indicated that the under-water values were smaller by 118 and 
140 cc., respectively. There were large individual differences in the response to 
submersion and the overall average decrement of 129 cc. did not quite reach 
the 5 per cent level of statistical significance. Using the average values of resid- 
ual volume determined in air rather than those obtained for submersed sub- 
jects would lower the estimated fat content of the body by less than one per 
cent. 
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Oiiaiititativc Criteria of Oculomotor Performance and Fatigue^ 

JOSEF BROZEK. From the Laboratory of Physiological Hygiene, 
University of Minnesota, Minneapolis, Minnesota 


T 

JLhe eye MoraMENTS, carried out under the control of two sets of six 
external eye muscles, are the resultant of a complex and coordinated neuro- 
muscular activity (1-3). It may be expected that certain types of physiological 
stresses which result in neuromuscular deterioration will be reflected by this 
complex coordination mechanism with greater sensitivity than by the tests of 
simpler neuromuscular functions, such as grip strength or tapping. Analysis of 
photographic records of eye movements has been used intensively during the 
last 50 years as an objective approadi to the study of ocular behavior, espe- 
cially during reading (4, 5). In reading one is not aware of the rapid (saccadic) 
movements from fixation to fixation, the regressive movements, and the pauses 
between movements in which the perception of the printed material actually 
takes place. The ‘involuntary’ character of the eye movements in reading 
would seem to recommend the analysis of eye movements during reading for 
psychophysiological research. However, reading is a highly complex process, 
dependent on the nature of the text read and the individual’s comprehension, 
and not suitable for several reasons, such as the difficulty of providing equiva- 
lent text samples, for studies in which a group of subjects is measured on 
several occasions. 

The aim of the series of investigations reported in this paper was: i) to 
develop quantitative criteria for characterization of simple voluntary eye- 
movements; 2) to obtain some indications of the magnitude of the day-to-day 
variation; y) to study changes resulting from continuing the eye movements 
at a rapid rate; and 4) to determine the tjqre and magnitude of changes present 
after hard visual work. 

APPARATUS, PROCEDURE, SUBJECTS 

The standard model of the ophthalmograph, manufactured by the Ameri- 
can Optical Company (6, 7), was used for recording the eye movements. The 
instrument works on the principle of corneal reflection; the historical develop- 
ment of the technique was discussed by Carmichael and Dearborn (8). A 
narrow beam of light, coming into each eye from the outer side and from below 
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the eye, is reflected from the corneal surface of the eyeball and, by means of 
an adjustable telescopic tube, is focussed on a 35 mm. film moving at a con- 
stant speed (one-half inch/sec.). During a lateral movement of the eyeballs 
the angle of the incident (and of the reflected) rays changes and the extent of 
the movement is registered on the film. 

The head is held in place by an adjustable chin support and head clamps. 
During the 25-second periods used in the majority of our testing sessions little 
difficulty was encountered in having the subject maintain a steady position of 
the head. On the ledge, designed for holding a text sample m reading experi- 
ments, a white card was placed containing three targets; a cross in the lower 
part of the vertical midline, used at the start of the test for the measurement 
of the steadiness of the eyes during continued fixation, and two black dots, 3 
mm. in diameter, with a white center, used as targets for successive eye move- 
ments. The distance between the two dots was 8.5 cm.; at a distance of 34 cm, 
from the midpoint between the eyes, this represents a visual angle of i4'’i6'. 
Because of the presence of sh'ght differences in the apparent distance between 
the two target points on the film, the distance was recorded for each individual 
at the start of each session. The test performance consisted of a rapid succes- 
sion of lateral movements, of the eyes from one target to the other. 

The subjects were 6 normal young men in good physical condition and 
with normal eyesight. At the end of each test the subject tested was identified 
by interrupting the beam of light for shorter or longer periods, thus marking 
the record with dots or dashes according to the code. 

QUANTITATIVE CHARACTERISTICS OF EYE MOVEMENTS 

An eye movement cycle consists of two parts: i) the large and rapid 
(saccadic) movement of the eyes from one fixation point to the other and 2) the 
fixation of the target. It is known (9) that distinct perception does not take 
place during the saccadic movement; it is possible only when the optical image 
of the target remains stationary upon the retina. Actually, the eye rarely re- 
mains absolutely motionless during fixation; frequently small movements are 
present, which may be as a rule interpreted as adjustment movements having 
as their purpose a sharp focussing of the target point. The two basic character- 
istics of eye movements are duration and extent, A schematic analysis of an 
eye-movement cycle is presented in figure i. 

The total duration (r) of an eye movement cycle consists of two com- 
ponents; the time of the movement phase (/i — BE') and of the fixation phase 
(cp — E'F 0 > expressed in i/ioo seconds. The extent of the saccadic movement 
is indicated by m = EE'. This distance is to be compared to d = RL, the true 
distance between the right and left target, determined during prolonged, s arp 
fixations of one and the other target point, R and L. The discrepancy between 
d and m, without reference to its direction, provides a measure of the precision 
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of a saccadic movement. In arriving at the score for an individual, the dis- 
crepancies obtained for single movements are averaged. Using the average 
value of m, the difference (m — d) referred to as a relative (directional) devia- 
tion from target distance indicates the average amount of overshooting or 

undershooting of tlie targets. 

The extent (range) of movement during ‘fixation’ (f = FE”) may serve 
as a criterion of the precision and steadiness of fixation. As a rule, the correc- 
tive movements take place in one direction, as indicated in the figure. In some 
subjects, jerky movements may be observed. In all cases, the total range (dis- 
tance between the limits of lateral movements during fixation) is taken as the 
score. The ratio of the average movement distance (m), or its angular equiva- 



Fig. I. Analysis of an eye movement cycle in reference to its temporal and spatial char- 
acteristics. For explanation see text. 

lent, to the average time of the saccadic movement (ji) represents the velocity 
of the saccadic eye movements. 

ANALYSIS OF THE EYE-MOVEMENT RECORDS 

In analyzing the eye-movement records the film was projected on a 20 by 
20 in. screen, calibrated in tenths of an inch; the enlargement factor was chosen 
so that the distance the film traversed within one second was made equal to 
10 inches on the screen. Consequently, to inch on the screen corresponded to 
TTO second. This arrangement makes it possible to measure the time param- 
eters of the eye movements with considerable precision. The spatial char- 
acteristics were measured in inches on the same scale and converted into 
angular values on the basis of the fact that 8.5 cm. distance between the targets 
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on the card, corresponding to a visual angle of 14°! 6', was represented by 
59*44 units on the screen. Consequently, one unit (xV inch) on the screen repre- 
sents an angle of 14.4 minutes. This is only an approximative value as the 
beam of light reflected from the cornea is not displaced by a constant amount 
throughout the sweep of the eye. 

For purposes of measurement of the repetitive movements, 6-second 
samples were generally used, except in subjects whose eye movements were 
very slow. In this case the length of the film measured was enlarged so as to 
include about 20 eye-movement cycles. The following procedure was followed 
in measuring the records. First, the total number of gross movements (move- 
ment-fixation cycles) within the given time interval was established. The 
movement distance (m), the duration of each fixation (^) and the extent of 
corrective movements (f) during fixation were determined for each movement 
cycle. The total saccadic time was obtained by subtracting the total fixation 
time (S9) from the total time occupied by the given number of movement- 
fixation cycles. The absolute discrepancies [m — d] were computed for each 
movement and averaged. The relative discrepancy was obtained as (m — d), 
and the saccadic speed (ni//x) was determined. 

In addition to the voluntary movements, the steadiness of eyes during 
5-second fixation of a point was studied. The number of involuntary move- 
ments during the middle 2 seconds of fixation and the range of movements 
(distance between the maximal excursion toward right and toward left) were 
determined. These criteria were considered only for exploratory purposes. At 
the magnification used for measuring the voluntary movements, the identifica- 
tion of small involuntary movements was difficult. The use of range of involun- 
tary lateral movements is obviously a gross criterion, dependent on two single 
excursions, and the time during which the stability of fixation was observed 
was hardly long enough to yield a reliable score. The quantitative character- 
istics of the eye movements, their units, and the ‘desirable’ level of the scores 
are indicated in table i. 

The analysis of eye-movements in the above terms is limited in two re- 
spects. First, only the average values, not the variability of the different 
characteristics was considered. The latter would provide additional informa- 
tion which might be particularly valuable for using the test in conditions likely 
to result in occasional ‘blocking’ of the movements, indicative of central nerv- 
ous system fatigue. Secondly, the analysis is limited to monocular behavior. 

RESULTS 

Consistency of ilie Quantitative Characteristics of Eye Movements. The da.ta 
selected for the analysis of the consistency of the quantitative characteristics 
of eye movements were obtained in 6 successive trials, separated by 2 to 3 days. 
The tests were carried out under standard conditions, and involved i) fixation 
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of tlie central point for 5 seconds and 2) shifting of the eyes from one target 
to tlie other at the maximum rate for 10 seconds. The subjects were well 
acquainted with the test procedure, having carried out the test more than 20 
times before tire present series was started. 

The statistical tedmiques of analysis are described elsewhere (10) in detail. 
Briefl}'-, tliree variances (mean squares) were computed for the sample of 6 
scores obtained for each of the 6 subjects; j) The variance within days, V^d, 
defined as the inter-individual variance (standard deviation squared), averaged 
for tire 6 days (trials) ; 2) the variance within individuals, V„.i, defined as the 
inter-trial variance, computed for each of the 6 subjects and averaged; 3) the 
random variance, Vn, i.e. the variance remaining after the variation of the 


T\I)IX I. OpninALilOGRAPIUC CnARACIERlSTICS OF EYE MOVEMENTS, THEIR UNITS, 
AND THE BIOLOGICALLY POSITIVE ('DESIRABLE’) DIRECnON OF SCORES 


1 

cnAKACTrusncl 1 

rwTS 

‘desirable* 

VALUES 

Involuntary ilovcments 



No. movements . . 

No. during 2 sec. 

Lower 

Magnitude (range) . . 

Degrees (visual angle) 

Lower 

Voluntary Movcmerts 



Rate . 

No. movement-fixation 
cycles/sec. 

Higher 

Fetation time 

1/100 sec. 

Lower 

Movement time 

i/ioosec. 

Lower 

Velocity of movement 

Absolute discrepancy (true vs. traversed target 

Degrees per i/ioo sec. 

Higher 

distance) 

Degrees 

Lower 

Relative discrepancy 

Degrees 

Lower 

Extent of movement during fixation 

Degrees 

Lower 


scores due to the differences between daily averages and individual averages 
was removed. 

The magnitude of the random variation can be expressed with reference 
to the size of the inter-individual differences. In percentage form, Vb% = 
100 Vr; in terms of a coeflicient of consistency, ro = i — Vwd • The analytical 
data are presented in table 2. 

The fixation time, the rate of movement, and the extent of movement 
during fixation are very stable individual characteristics. The consistency de- 
creases from a moderately low level obtained for the movement time to low 
or very low levels for the measures of the precision of the extent of the saccadic 
eye movements, the velocity of voluntary eye movements, the number and 
the magnitude of involuntary movement during 2 seconds fixation. 

Changes During Consecutive Eye Movements at Subniaximal Rate. In pre- 
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liminary trials, the maximal rate of voluntary eye movements was determined 
In the present experiment, the rate was set at three-quarters of the maximal 


Table 2. Consistency of ophthalmographic criteria of performance in a 

SERIES OF 6 TRIALS REPEATED ON A GROUP OF 6 SUBJECTS 



VAKIAJICES 

Grand 

Mean 

VwD 

Vwl 

Vr 

IOOVr 

VwD 


Involuitlary Movements 







No. of movements 

I-S 

1*9 

i.r 

1. 1 

58 

0.42 

Magnitude (range) 

0.38 

0.43 

0.29 

0.26 

61 

0-39 

Volunlory Movements 

i 






Rate 

4.-22 

1.78 

0.03 

0.03 

2 

0.98 

Fixation time 

19-3 

71.2 

I.r 

0.9 

I 

0.99 

Movement time 

6.8 

1.8 

0.4 

O'S 

28 

0.72 

Velocitj' of movement 

1.96 

0-53 

0.19 

0,22 

41 

0 -S 9 

Absolute discrepancy 

1. 13 

2-33 

0.89 

0.89 

38 

0.62 

Relative discrepancy 

—0.36 


1.71 

1.66 

31 

o.6g 

Extent of movement during fixation .... 

0.60 

0.44 

0.04 

0.0s 

II 

0.89 


VwD = average iater-individual ('within days’) variance, Vwi = average intra-individual 
('within individuals’) variance, Vr = random variance, ip « coefficient of consistency. 


Table 3. Changes in ophthalmographic charactesjstics of eye movehents 
Test period = s minutes. Rate of movements =* f individual maximum rates. No. of subjects 
« 6. Xo = average score obtained at the start (o to 10" of the test period), da = average difference 
tween initial scores and those obtained at the start of the third minute of work (120" to 130"), 
Fj = value of the F-test for the statistical significance of this difference; ds and Fs are the dif- 
ferences and the F tests of the differences obtained after 5 minutes of work (300" to 310"). The sign 
of the differences indicates the biological direction: + = improvement; — = deterioration . 


1 

1 

1 

Xo 

di ‘ 

F, 

ds 

1 

F, 

1 

Rate 

2-53 

-po.oS 

1.50 i 

— O.IO I 

1. 25 

Fixation time 

36-3 

1 + 1-9 

5-87 

-0.7 

1.72 

Movement time 

6.90 

- 1-39 

3.81 

—0.86 

1.14 

Velocity of movement 

1.94 

-0.37 

S.66 

I -0.24 

I 1-92 

Absolute discrepancy 

0.72 

-0.43 

5 -t 3 

I -0-17 

! 1.44 

Relative discrepancy 

(-0.24) ; 

! —0.60 

18. 8S** 

1 —0.24 

1. 81 

Extent of movement during fixation. . 

0.58 

1 -0.38 

; 3-86 

- 0-43 

3-41 


For paired variates at the 5% level F = 6.61, at the 1% level F = 16.26. In this and ffie follow- 
ing tables a mean change significant at the 5% level ivill be indicated by one asterisk, significance 
at the 1% level will be indicated by two asterisks following the value of F. 


rate obtained during lo-second trials. A metronome was used to indicate to 
each individual the tempo to be followed during the 5 minute exercise period 
The data are given in table 3. For the purpose of condensation only the initia 
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values obtained at the start of tlie first minute and the differences between the 
first and second, and the first and fifth-minute values are given. 

There is no appreciable change in the number of movements. This indi- 
cates that the subjects kc])t up the tempo throughout the exercise period. 
After one minute there was some increase in the movement time but it was 
balanced out by the shortening of the fixation time. The absolute deviation 
from target distance increased somcAvhat and the relative deviation increased 
considerably, indicating that the subjects tended to ‘undershoot,’ i.e., to make 
shorter movements. After 5 minutes the picture remains qualitatively the 
same. There is no progressive deterioration of eye movement patterns. None 
of the changes obser\'ed after 5 minutes of exercise was statistically significant. 

Table 4. Sh.mmary or aver \cr. cirANcns i.v opimiALMOCRAi'iiic criteria op perporjiance under 
CONDITIONS or SIOVINO EYES AT MAXIMUM RATE TOR 4 MINUTES 

No. of indiviciu.'il dclcrniinations = ii. Xo = average score at the start (o to lo"); d and F 
represent the aA’eragc differences and ihc value of the F lest of the average differences between 
initial scoreand ihoseohtaincd at thestart of thesecond (6o" lo 70"), third (120" to 130"), and fourth 
(iSo" to igo") minute of eye movement e.xercise. The sign of the differences indicates the biological 
direction of the change: -f- = improvement; — = deterioration. 


1 

Xo 

d; 

To 


Fi 

di 1 

1 

r. 

No. movements ] 

4-05 

— r 

06 

23 

33 ** 

1 

— I . 

12 

28.21** 

1 

“I- 3 S 

22.28** 

Fi.vation time 

20.8 

“*7 

5 

7 S 

73 ** 

-8. 

2 

130.98**1 

— 10.4 

98.71** 

Movement time I 

6.23 

— 0 

34 

4 

06 

— 0. 

25 

0.92 

-O.S 7 

4.20 

Velocity of movement 

2 03 

—0, 

16 

II 

ii**i 

— 0. 

15 

9.41* 

-0.23 

13.04** 

Absolute discrepancy 

1 1.12 

—0 

10 

0 


— 0. 

29 

0.88 

4-0.09 

0.12 

Relative discrepancy j 

(-0.43)1 

—0 

48, 

s 

08 

— 0. 

34 

2.07 

1 —0.50 

2.68 

Extent of movement during fixation 1 

1 0.75 1 

—0 

19 

3 

21 1 

i-o. 

41 

, 8.00* 

-0.41 

11,68** 


At 5% level of significance, F = 4.96; at 1% level of significance, F = 10.04. 


Changes During Consecutive Eye Movements at M aximal Rate. The standard 
duration of the eye-movement test when used as a test of ‘fitness’ of the oculo- 
motor apparatus was 10 seconds. In the present experiment, designed to study 
changes in the eye movement pattern under the strain of maximal activity, 
the task was continued for 4 minutes. This Avas close to the maximum which 
could be used, the watering of the eyes being the limiting factor. In one indi- 
vidual experiment the secretion of tears was so copious that no records could 
be obtained beyond the second minute. The eye movement recordings were 
made during the first 10 seconds of each of the 4 minutes. The data are pre- 
sented in table 4. 

The number of movements per second shoAved a very marked and pro- 
gressive decrease from the first to the fourth minute of exercise. This reflects 
the pronounced lengthening of the fixation time. There was on the average a 
slight increase in the movement time and a slight decrease in the extent of 
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movement, indicated by the value of the relative deviation from the target 
distance. Although neither of these changes reached the level of statistical 
significance, the velocity of movement, obtained as the ratio of distance and 
time of movement, showed a significant decrease. The absolute deviation from 
the target distance was not affected. However, the amount of corrective move- 
ments during fixation increased; the change reached the 5 per cent level of 
statistical significance in the third minute and the i per cent level of significance 
in the fourth minute of the test period. 

Time Subject i Subject 3 


First minute 


Second minule 


Third minule t 


Fourth minule 


Fig. 2. Sample records of eve movements (total sample time = 6 seconds) t Jen at the 
Ireginning of the first, second, third and fourth minute of continued eye-movement aclivit) c, 
out at a waxiinal rate. 

Six-second samples of eye movement patterns obtained for 2 subjects at 
the start of the ist, 2nd, 3rd, and 4th minute of the exercise period are pre- 
sented in figure 2. rr^, + oc dis 

Changes Resulting from Stremions Inspection Work. The two stress 

cussed above, i.e. repetitive eye-movements carried out at a ^ 

high and regulated rate and at the maximal rate, may be useful for a 
laLatory research. However, the value of the ophthalmograph for real stic 
investigations on fatigue, especially industrial fatigue, depends on 
tivity of the ophthalmographic criteria of oculomotor perform 
physiological strain imposed by prolonged visual work. 
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As an illustration, changes in eye-movement patterns ■will be reported 
which were observed after 2 hours of uninterrupted, strenuous visual work. 
Voluntarj’' eye movements, carried out at maximal speed for 10 seconds, were 
recorded before and after the work. The work task involved recognition of very 
fine details (letters 3.5 points in size) which passed through a narrow vertical 
slit. It reproduced in miniature the essential features of an industrial inspec- 
tion operation of objects transported on a conveyor. The technical details and 
the method of evaluating the work performance are described elsewhere (ii). 
As far as the eye movements are concerned it may be noted that the subjects 
had to scan the slit over its ■whole height (3 in.). The lateral eye movements 
were limited by the narrow ■width of the slit (i in.). 


Table 5 Chavges in owirnAiMOGRAPHicALLy recorded eye movements after 2 hours of very 

HARD WSUAL WORK (2 F.C ). NO. SUBJECTS = 6 



BEFORE WORE 

AFTER nose 

1 

UEAS 

DIFFER- 

ENCE 

F-test 

Mean 

SD 

Mean | 

SD 

Involuntary movements 



1 




No. of movements 

1.2 i 

0.8 

3-2 i 

2.7 

— 2.0 

2.73 

Magnitude (range) 

0.48 ! 

1 

0.29 

0.99 

0.86 

— 0.51 ; 

2.58 

Voluntary movements 

1 






Rate 

4 4 i 

1.6 

3 6 

I.O 

-0.8 

9-30' 

Fixation time 

18.2 j 

8.4 

21.8 

7.6 

- 3-6 

23.87= 

Movement time 

6.7 

1-3 

7 3 

I 0 

—0.6 

4.15 

Velocity of movement 

I 92 i 

0 46 

1-75 

0 26 

—0. 17 

2-55 

Absolute discrepancy 

1-44 i 

I 00 

1-37 

0.72 

-f-o 07 

1 0.18 

Relative discrepancy . 

(-0 82) 

1.44 

— 0 72 

I II 

-i-o.i7 

! 1. 00 

Extent of movement during fixation 

0 55 

0 22 1 

0.82 

0 34 

— 0.27 

11.51' 


* Using paired variates, the value of F at the 5% level of significance = 6.61.^ At i% 
level of significance, F = 16.26 

The signs of the differences indicate the ‘biological’ direction of the change: deterioration (— ) 
or improvement (+ ). 


After 2 hours of tasual work at 2 foot-candles the most consistent changes 
were the lengthening of the fixation phase and increase in the magnitude of the 
‘involuntary’ eye movements during fixation (table 5). There was a small in- 
crease in the duration of the movement phase and decrease in the velocity of 
the saccadic eye movements. However, the decrement in the rate of eye-move- 
ments was due primarily to the increase in the duration of the fixation phase. 
The accuracy of eye movements measured by the de^viation from the target 
distance was not affected. There was some increase in the number and the 
extent (range) of involuntary movements observed during prolonged fixation 
before the start of the eye movement exercise. 

Statistically significant changes were obtained also when eye movement 
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patterns were studied before and after 2 hours of inspection work carried out 
at higher foot-candle levels (12). A decrement in the number of eye movement 
cycles per second was present at all levels of illumination, from 5 to 300 F.C, 
Most of the other eye movement characteristics changed also in the direction 
of deterioration but the changes did not reach, except for lengthening of the 
movement and the fixation phase, a level of statistical significance. 

DISCUSSION 

Eye Movement Patterns as Measures of Neuromuscular Fitness and Fatigm, 
In the course of investigations on the effects of nutritional deficiencies we 
became interested in quantitative analysis of eye movements as means for 
characterizing one aspect of neuromuscular function in man. The standard test 
battery (13) contained measures of speed of movements (two-plate tapping, 
complex reaction-time), of coordination (repetitive skilled movements, pattern 
tracing), and strength (hand grip and back lift). Because of the fine coordina- 
tion of nervous impulses required for the execution of eye movements, a possi- 
bility of its disturbance under strain made the eye movements a promising 
criterion of fitness and fatigue. The fact that the complex performance could 
be analyzed in quantitative terms was an added incentive. 

The test of voluntary eye movements can be arranged in such a way that 
it will serve as a test of performance capacity, defined as the maximal perform- 
ance obtainable; when the activity is continued, the amdunt of deterioration 
can serve as an index of fatigability, the reciprocal of endurance. It should be 
noted that when the eye-movement test is used as a test of endurance, the 
activity may be carried either at the highest level of effort or at a sub-maximal, 
regulated tempo. In the latter case only the pattern of eye movements, in the 
former case also the rate can be used as the criterion of performance. 

It has been a rather general experience that changes in fitness due to 
illness as well as the experimentally induced alterations in fitness may be 
demonstrable at times under conditions of superimposed stress while they are 
latent in rest or under optimal conditions of performance (14). The changes 
in eye-movement patterns, measured at successive intervals of a continued 
activity, may be a more sensitive criterion than the scores obtained during a 
very short period in which the factor of endurance does not enter. 

Components of the Eye Movement Pattern. Although both eyes were used 
in the eye-movement test, the tracings were analyzed for only one eye. On 
inspection, the movements of the two eyes were carried out with a surprising 
degree of accuracy (parallelism) even at times when other aspects of perform- 
ance showed evidence of deterioration. This is not to say that in fatigued eyes 
the disturbance of fine binocular coordination might not be present. For quan 
titative investigations of this problem a greater magnification of the excursions 
of the eyes would be required than was used in the present series. 



Ncvcmbcr ig^o 


OCULOMOTOR PERFORMANCE AND FATIGUE 


257 


The two basic ‘dimensions’ of eye movements are the duration and the 
magnitude of lateral displacement. The time of an eye-movement cycle was 
broken down into the movement time and the fixation time. The spatial aspects 
of the eye movement patterns were resolved into the magnitude of the sac- 
cadic movement and the magnitude of the ‘corrective’ movements during 
fixation. An absolute and a relative measure of imprecision of saccadic move- 
ments in target fixation was obtained. The time of movement and its distance 
yield a derived score, the (average) velocity of the movements. 

In the rapid muscular movements, carried out back and forth between 
two positions, one may differentiate usually three phases: x) acceleration, 2) 
uniform (maximal) velocity and j) deceleration. The three phases were ob- 
served by Dodge as earty as 1903 (15) but as far as we are aware no quantita- 
tive analysis of the changes in velocity was carried out either by Dodge or by 
other investigators. It would be valuable to study not only the overall (average) 
velocity but also such characteristics as the maximum speed and the pattern 
of acceleration and deceleration of eye movements, and their changes in fatigue. 
This would require a much higher speed of the film allowing for an increase in 
the precision of quantitative analysis of the movements. 

ReUabiliiy of Eye Moiicmenl Measures. As far as we are aware there are no 
data in the literature on the consistency of the quantitative characteristics of 
voluntary eye movements. Several of the criteria of voluntary eye movements 
used m the present study have high (extent of corrective movements during 
fixation) to very high (fixation time, rate of movement) coefficients of consist- 
ency. In fact, these features of the eye movement patterns are more stable 
than many a feature of the electrocardiogram (16), With reference to the 
consistency, the eye movement characteristics compare favorably with the 
routine ophthalmological (17) and other visual tests (18), studied with refer- 
ence to consistency under similar conditions. 

It is realized that the reliabilities computed on the basis of 6 subjects are 
only tentative and that all coefficients should be corrected to the scatter of 
values in the population of ‘normal young men’ from which the subjects were 
drawn (19). For this reason it is advantageous, though somewhat space-con- 
suming, to report not only the coefficients of consistency but also the basic var- 
iances from which they are derived. 

Observed Cha 7 iges in Voluntary Eye Movement Patterns under Stress. In the 
pioneer study by Dodge (20) the subjects moved their eyes horizontally through 
an arc of 6o‘’ in rapid succession. The beam of light, interrupted in such a way 
that each dot represented an interval of 8 msec., was reflected from the cornea 
onto a moving photographic plate. The continued eye movement activity 
modeled after ergograph performance resulted in some decrease of the speed 
of movement, decrease in the accuracy of fixation, and in irregularity of the 
line of movement, due to the interference of vertical movements. These changes 
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were noticeable on inspection of the records, one of which was published in 
Dodgers paper. No attempt was made at that time to characterize the changes 
in strictly quantitative terms. Our test task, except in one series, was identical 
with that of Dodge, in contrast to most of the later work in which the ocular 
movements were earned at a sub-maxunal, imposed tempo (21—24), with the 
speed of saccadic movements used as the primary criterion of performance. 

It was our general experience that the duration of the fixation interval 
showed more pronounced fatigue changes than the speed of the eye move- 
ments. The latter was only slightly less than under standard normal conditions 
and in a large number of experimental series the change in speed did not reach 
the level of statistical significance. This indicates that the muscular perform- 
ance capacity was largely unaltered. In terms of the ‘site’ of the fatigue changes, 
the effects were central rather than peripheral (muscular). 

Under conditions of reading the duration of fixation is predominantly a 
function of the central nervous system; e.g. it is well known that the fixation 
time increases with the intellective difficulty of the text (cf. fixation in reading 
fiction and in studying algebra). In our task the fixation time was determined 
by at least three factors: i) an adequate exposure of the retina (perception 
time); 2) overcoming the inertia of the oculomotor system; and 3) delay in the 
initiation of a contraction of the antagonist and relaxation in the agonist 
muscles. 

Under conditions of strain there is no change in the second factor (which 
is small in any case) and, most probably, the perception time is not affected 
either. The observed increase in the fixation time is probably due to the third 
factor, not to muscular fatigue. Similarly, the increase in corrective movements 
during fixation reflects disturbance of coordination of the nervous impulses. 

The arrest of motion at the turning points is a feature common to all 
types of worlc which involve repetitive (to-and-fro) movements. It is of inter- 
est, therefore, to compare the lengthening of the fixation time observed in 
repetitive eye movements with the pauses occurring in moving loads (25). 
Several different loads were compared, a higher load representing a higher 
'strain.’ In general, the increase of the load produced a prolongation of the 
pauses between the reversed movements. However, these pauses between the 
reversed movements and the fixation times in eye movements are not function- 
ally identical even though they have common elements. In both cases the 
pause is due in part to the shift of the innervation from agonists to antagonists. 
The overcoming of inertia of the system is an important component in moving 
loads. In eye movements a part of the fixation time is utilized for perception, 
which is an essential element in the task, while in moving loads the pauses 
represent unproductive time. Actually, the time is not fully unproductive 
because a partial recovery takes place during the pause, contributing to e 

maintenance of work capacity. ^ r .ve 

The lengthening of fixation may at times appear as blocking or y 
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movements. The effect of blocking -vvas studied most intensively by Bills (26). 
It is present in ‘mental’ tasks, such as naming colors of a series of squares 
painted in a limited number of hues, or substituting letters for digits according 
to a key, but also in other tjq)es of work involving a rapid repetition of a 
limited number of responses or the same response, such as tapping. ‘Blocking’ 
is considered as a symptom of the fatigue of the central nervous system. 
MTiereas the muscular fatigue manifests itself as a progressive decrease in the 
response of a repeatedly stimulated muscle, in blocking there is no response 
for a certain time period — a fraction of a second — in the eye movements. This 
condition is obtained in muscular fatigue only in the terminal phase of exhaus- 
tion. In blocking, the performance between ‘blocks’ is little affected. 

In the series of ex-periments reported in this paper the most pronounced 
changes in tlie eye movement patterns took place during the 4 minute, maxi- 
mal-rate e,xperiment. However, even there the point of ‘exhaustion’ was not 
reached. Two mechanisms contributed to this: 1) ‘blocking’ of eye movements 
ser\'ed as means for enforcing involuntary rests; 2) lacrimation, which may be 
interpreted as a result of the spread of innervation to other effectors, made 
impossible recording of the eye movements beyond 4 or 5 minutes. 

The relative sensitivity of oculomotor characteristics to the stress of severe 
casual work as compared with other visual functions was discussed in another 
publication (27). 


SUMMARY 

The consistency of g eye movement characteristics, measured in photo- 
graphic records obtained for each of 6 normal young men on 6 occasions, varied 
from very high (fixation time, rate of movements), high (extent of corrective 
movements during fixation), moderate (movement time) to low and very low. 

In the course of a ‘stress’ consisting in shifting the line of regard through 
about 14° at a sub-maximal rate for 5 minutes, all eye movement character- 
istics changed in the direction of deterioration but none of the changes reached 
the level of statistical significance. In a more severe stress which involved eye 
movements carried out at the maximal attainable rate for 4 minutes, the rate 
of movements declined, due primarily to a marked increase in the fixation 
time; the velocity of movements decreased and the extent of corrective move- 
ments during fixation -increased. In the third stress situation consisting of 2 
hours of' hard inspection work at a very inadequate illumination, the fixation 
time and the corrective movements increased, while the rate of movements 
decreased. The changes were much less pronounced than in the preceding 
experiment. The lengthening of the fixation time, reaching at times the magni- 
tude of a ‘mental block,’ as well as the increase in the corrective movements 
‘during fixation were interpreted as fatigue phenomena localized in the central 
nervous system. Muscular fatigue was much less evident or was absent. 
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It is a pleasure to thank Dr. Ancel Keys and Dr. Ernst Simonson for their help and 
encouragement at all stages of research reported in this paper. The possibility of studying 
eye movements as a measure of neuromuscular coordination in experimentally induced 
nutritional ‘stresses’ was suggested by Dr. Russel M. Wilder. This provided the initial 
stimulus for the development of the present technic. 
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Volume Changes in Forearm and Hand Following 
Release of Obstruction to Venous Return 


I. F. S. MACKAY and V. R. PICKLES. Prom the Department of 
Physiology, University College of the West Indies, St. Andrew, Jamaica 
and the Department of Physiology, King's College, Newcastle-on-Tyne, 
England 


THE PRESSURE in a sphygmomanometer cuff which has been 
obstructing the venous return from the forearm is released, the limb volume 
returns to normal in three stages. There is firstly a rapid primary decrement 
in volume (hereafter referred to as the ‘P.D.’); secondly an occasional small 
increase in volume, as shown by a ‘Hump’ on the volume record; and finally a 
phase of gradual reduction (or secondary decrement ‘S.D.’) as the limb volume 
returns to normal, Tj^iical tracings are shown in figure i. These three stages 
have been described by Lems and Grant (i). It was considered that a further 
examination of these phenomena with a view to elucidating the mechanisms 
involved would be of interest. The second and third phases, i.e, the Hump and 
the final phase of recovery (S.D.), have been examined by Lewis and Grant; 
but not so much attention has been paid to the first phase of sudden reduction 
in limb volume (P.D.), 


METHODS 

The plethysmograph was of a ‘water’ type. The outer jacket contained 
enough water to make temperature changes negligible. Volume changes were 
recorded by means of a float writing on smoked paper. The venous return from 
the limb was obstructed by means of a sphygmomanometer cuff. The latter was 
connected to a lo-liter reservoir by means of which the pressure could be 
raised to that required, in 3 to 5 seconds. The opening of a large bore tap 
connected to a cuff allowed an immediate release of the pressure. The range of 
the pressures used was 30 to 70 mm. Hg. 

The plethysmograph was designed so that the arm was held in a vertical 
and dependent position by the side of the sitting subject. This position was 
considered to be important. It is suggested that if the arm were held in a hori- 
zontal position the reduction of the limb volume following the release of the 
pressure in the obstructing cuff would be due to two factors; i) the ejection of 
blood from the limb vessels by virtue of their inherent tone and elasticity and 
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2) the drainage of blood from the limb vessels due to gravity. The adoption of 
the dependent vertical position was an attempt to eliminate this second factor 
and to record only the reduction in limb volume due to the recovery oi the 
vessels by virtue of their tone. With the limb in the dependent vertical position 
the vessels will not be drained by gravity but will remain 'filled’ after the re- 
lease of the obstruction. The adoption of this position for the limb produced a 
clearer separation of the three phases. Lewis and Grant placed the arm in a 
horizontal position. 


/ 

✓ 



Fig. 1. Four consecutitc tkacings superimposed showing tie effect of duration of obstruction 
of venous return on decrements in limb volume. Note the 3 phases that follow release of the tourni- 
quet; a) the rapid primary decresnent in limb volume, P.D.; b) tire Hump; c) the secondary dec- 
rement, S.D. 


BESULTS 

The series included over one hundred experiments on 13 subjects. 

Influence of Duration of Obstruction of Venous Return on P.D. and S.D- As 
the length of the period of obstruction is increased the P.D. soon reaches a 
maximum after which no further significant increase in its size occurs with 
longer applications of the obstruction. The S.D. behaves in a different manner. 
Long after the P.D. has reached its maximal value the S.D. continues to in- 
crease and does not reach a maximal value within the times of applications 0 
the obstruction adopted here (viz. up to 10 minutes). These points are i us 
trated in figures r and 2. 
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Ratio of P.D. to S.D. in Hand and Forearm. This was examined in order to 
determine the respective parts played by the superficial and deep vessels (see 
Discussion). No significant difference between the two ratios was observed. 



Fig. 2. iNixtTENCE OF DVRATTON OF obsirvchon of venous retum on decrements in limb 
volume. Each point represents the average of 12 readings. 



TIHEIKJO-Stc. IHTIKVflUS EJPEH, PtRrOBMED /IT 43*C. 



Fig. 3. Diagrams, drawn from tracings, showing influence of compression of subclavian 
artery on the P.D. in the same subject at temperatures of 43° C. and at 32° C. 

Effect of Compressing Subclaviatt Artery. This was accomplished by digital 
compression of the subclavian artery against the first rib behind the clavicle. 
The results of such a procedure are shown diagrammatically in figure 3. As the 
arteiy is compressed there is a faU in limb volume, and when the compression 
is removed, there is a marked increase in limb volume. Unless these changes 
in limb volume were observed no measurements were made. The P.D. and 
S. D. are recorded during the arterial compression by releasing the venous ob- 
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struction, when it can be observed that the size of the P.D. is unaltered but 
that the Hump is abolished. The abolition of the Hump means that it is not 
always possible to clearly define the P.D. and S.D. 

During any one experimental session the S.D. was more variable than the 
P.D. Both P.D. and S.D. showed a tendency to increase by 10 per cent to 30 
per cent in the course of a session. To obviate this efiect, the order m which 
the venous obstructing pressures were applied was first in an increasing order, 
then in a decreasmg order; the results for each pressure were then averaged. 

A typical experiment is recorded in table i. The order of the readings is 
given and it can be seen that recordings of the effect of compression of the sub- 
clavian artery on the P.D. were made alternately with control readings. 


TaBI£ I 


ORDEH or HEADINGS ' 

VEKOOS OBSTSncnNG 
PiLESStrtlE IN MM. Hg ^ 

SIZE OP P.o. IK im. 

With compression of 
subclavian artery 

Control 

I i 

30 

8 


2 

30 


12 

3 

1 40 

19 


4 

1 40 


20 

s 

1 

! 


6 

so 

1 

25 

7 

60 

1 35 


8 

60 


31 

9 

60 

32 


lo 

1 60 


35 

11 

50 

30 


12 

so 


1 29 

13 

40 

24 

i 

14 

j 40 


22 

IS 

1 30 

14 

1 

16 

1 30 

: 

1 14 


The length of the periods of venous obstruction was determined by the 
time that it took the limb volume to reach a plateau. Periods of 2 to 3 minutes 
were found to be adequate. Between each obstruction a period of 2 to3 nunutes 
was allowed for the return of the limb volume to normal. 

In figure 4 are distribution diagrams of four experimental sessions under 
similar conditions where the effect of compression of the subclavian arte^on 
the P.D. was being examined. It will be seen that there is no significant 6Ser- 
ence between the averages for the controls and the averages where the su 
clavian artery was compressed, although the scatter may be greater in e 

latter group. . , . 

Time Reguifed to Complete the P,D. At normal temperatures (3 •)] 

usually occurred within two seconds. 
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Influence of DiJ'crcnl Temperatures and Pressures. An example of the effect 
on the P.D. of varying both the temperature in the plethysmograph and the 
obstructing pressure is shown in figure 5. 

The pattern of the changes in limb volume following the release of digital 
obstruction of the subcutaneous veins was compared with that following the 



U I I 1 U 


Fig. 4. Distribution diagrams of the P.D, with and without CMinpression of the subclavian 
arteiy. In each group of readings the results are expressed as a percentage of the average of the 
readings of the control series. 



Fig. 5. A SINGLE EXPERIMENT showing influence of temperature and pressure on primaiydecre- 
ment in limb volume. 


release of a sphygmomanometer cuff which compressed both the superficial 
and deep veins. A subject with prominent superficial veins was chosen, and his 
cephalic and basilic veins were occluded at the same time by light digital 
pressure. The pattern of the changes in limb volumes was similar to that 
following the release of pressure in a sphygmomanometer cuff. 

Correlations have been evaluated between the P.D. or S.D. and the rate 
of increase of limb volume at the beginning and towards the end of the period 
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of venous obstruction. The only statisticaUy significant correlation, which is 
positive, is that between the S.D. and the rate of volume increase during the 
latter part of the obstruction period, provided that the cuff pressure is not 
greater than 40 mm. Hg. 


discussion 

Under certain conditions (notably at temperatures of approximately 
40°C.), when an obstruction to the venous return is applied to the arm the 
filling curve or increase in limb volume may show two distinct phases. First, 
there is an abrupt increase in limb volume. This is generally accepted as being 
due to the filling of the veins which may be seen to increase in size. A second 
phase of more gradual increase in volume follows which is probably due to the 
rise of pressure in and the distension of the smaller vessels such as the venules, 
capiUaries, and arterioles. This secondary rise in volume is not hlely to be due 
to the accumulation of tissue fluid which is a more gradual phenomenon. 

The phases of the recovery of the vessels and the decrease in limb volume 
following the release of an obstructing cuff follow a similar pattern, but can be 
more clearly defined and separated, because of the rapid formation of the P.D, 
and the presence of an angle (and Hump) dividing the P.D, from the S.D. 
It is likely that the first rapid reduction in volume P.D. is due to the recovery 
of the large veins from the distending force caused by the obstructing cuff, and 
the secondary more gradual decline in volume (S.D.) is due to the recovery of 
the smaller vessels. 

It is suggested that the application of the obstruction soon causes a maxi- 
mal distension of the large veins (thus forming the P.D.) but that the smaller 
vessels do not reach a maximum during this period but continue to be distended 
and increase in size (forming the S.D.). In order to examine these suggestions, 
the following questions were examined: 

a) To what extent does an arterial factor enter into the formation of theP.T.f 
This was examined by occluding the subclavian artery as described above. As 
this procedure had no significant effect on the size of the P.D., it suggests that 
an arterial element does not play a significant part in the formation of the P.D. 

b) To what extent do the smaller vessels such as the capillaries, venules and 
arterioles enter into the formation of the P.D.? This is a difficult question to 
answer. In order to examine this point the hand was immersed in water at 43 C. 
and a tourniquet completely occluding the limb circulation was applied. Very 
soon the limb became cyanotic. When the tourniquet was released more than 
two seconds elapsed before an observable change in skin color was apparent, 
and consequently before a significant blood flow had passed through the 
smaller skin vessels. At the lower normal temperature (water bath 32 C.) the 
P.D. was completed within two seconds, and thus this probably occurred before 
any significant flow of blood passed from the smaller vessels. 
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c) Is il possible that the P.D. represents the drainage of the superficial vessels, 
and the S.D. the drainage of the deeper vessels, or vice versa? It might be argued 
that when a cuff obstructing the venous return is applied it would first distend 
the superficial vessels and later those more deeply placed, and that on removal 
of the obstruction one set might empty before the other and consequently 
account for the two decrements of limb volume that are observed. To examine 
this point, the ratio of the P.D. to S.D. in the hand and forearm were compared. 
(In the hand there is a larger ratio of superficial to deep vessels than in the 
forearm.) As the ratios of the P.D. to the S.D. in the two instances were not 
significantly different it is considered that the answer to the above question 
is in the negative. This is supported by the observation that where superficial 
veins were digitally compressed the usual pattern of reduction in limb volume 
was observed with the formation of both the P.D. and the S.D. 

From these observations it is suggested that the major factor entering into 
the formation of this primary decrement in limb volume (P.D.) is the rapid 
recovery of the large veins from the distending force. If this can be accepted 
a curve representing an index of venous distensibility might be obtained by 
relating the sixe of the P.D. to the distending pressure. Such a curve is shown 
in figure 5. The influence of temperature on the P.D. is shown in figure 5. It is 
well known that cold increases the tone of the veins. The P.D. under these con- 
ditions being markedly reduced. Capps (2) has examined the possibility of 
determining indirectly the tone of the vessels in the hand. He made use of the 
filling curve, but no attempt was made to distinguish the vessels involved. 

SUMMARY 

Observations were made on the changes that occur in the volume of the 
forearm and hand following the release of an obstruction to the venous return. 
The presence of three phases has been confirmed: a) a rapid primary decre- 
ment (P.D.) followed occasionally by b) an increase in volume (Hump), and 
finally c) a secondary decrement (S.D.) as the limb volume gradually returned 
to normal. 

It is suggested that the primaiy decrement in limb volume (P.D.) is 
largely venous in origin and is probably due to the rapid initial ejection of blood 
from the limb as the large veins recover their normal size and calibre. An index 
of venous distensibility is suggested which might provide a means of indirectly 
measuring venous tone. 

Grateful acknowledgement is made for the grant from the King’s College, (Newcastle) 
Research Fund, and for the technical assistance of Mr. R. A. Spires. 

REFERENCES 

1. Lewis, T. and R. Grant. Heart 12: 73, 1925. 

2. Capps, R. B. J. Clin. Invesligalion 15: 229, 1936. 



Industrial Efficiency as Affected by Food Intake During 
M.id-inoming and Mid-afternoon Rest Periods^ 


JOHN HALDI AND WINFREY WYNN. Prom the Department of 
Physiology, Emory University Dental School, Atlanta, Georgia 

D 

-L. \-.ECOGNiTiON of the Strategic importance of maximum productivity 
during the war by industrial workers led to the publication of a brochure under 
governmental auspices on the relationship of food and nutrition to industrial 
efficiency (i). In this report which consists largely of a commentary on the 
feeding practices in industrial plants, pointed criticisms were made on the 
nutritional status of industrial workers, the kind of meals served in the plants, 
and the selections made by the industrial workers from the rolling carts that 
are customarily sent through many plants in mid-morning and mid-afternoon. 

The premise that a good state of nutrition favors work productivity seems 
hardly open to question. Equally acceptable is the assertion that the meals 
served in a plant should be highly nutritious. But the assumption made in this 
report that the industrial worker requires a substantial amount of food at the 
mid-morning and mid-afternoon rest periods in order to maintain a high degree 
of efficiency cannot be accepted without more convincing evidence. 

The more or less common inclination to stop work in mid-morning and 
mid-afternoon and to partake of food or a beverage at those times raises a 
fundamental question. Is it that the energy reserves of the worker have been 
reduced to the point where the organism demands food or is it for some psycho- 
logical reason, such as the desire for a restful change from monotony and for 
the refreshment that is derived from eating appetizing food or from drinking 
a pleasing beverage? 

Some investigators are led to believe from their experimental observations 
that several hours after a meal there occurs a faU in the blood sugar and carbo- 
hydrate reserves and a consequent feeling of tiredness, disinclination to work 
and a lowering of work productivity (2, 3). In our opinion the available evi- 
dence is not sufficient to warrant a universal application of this principle. For 
this reason the present study was undertaken in a different industry than that 
studied by other investigators, to determine whether the efficiency of t e 
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workers might be related to the kind and amount of food eaten in the mid- 
morning and mid-afternoon rest periods, 

PROCEDURE 

The experiments were conducted in the sewing room of a large cotton bag 
factory. The subjects were all women who worked at top speed continuously 
throughout the working hours of tlie da}"- sewing bags on electrically driven 
sewing machines. They had volunteered to serve as subjects after they had 
been told in convocation that the investigators were studying certain aspects 
of nutritional problems and that the food would be served to them free of 
charge. In order to avoid the possibility of any suggestion that might affect 
the w'ork output, the precise nature of the experiment was not revealed. Ex- 
cellent cooperation was obtained both from the managerial personnel and from 
the employees who seiw^ed as subjects. 

In a study of this nature it is essential that there be a wage incentive for 
maximum e.xertion on the part of the employees. This requirement was met in 
this particular factory inasmuch as it operated on the piece work system, each 
worker being paid in accordance with her production. 

Work was begun in the morning and concluded in the late afternoon at 
exactly the same time each day. In the morning the electric current was turned 
off at 9':3o and again in the afternoon at 2 rjo, stopping all the machines for fif- 
teen minutes while refreshments w'ere served. Toward the end of this period a sig- 
nal was given in ample time to allow the workers to be at their machines ready 
to resume work when the current was turned on again. 

An hourly count of the number of each kind of bags sewed by each subject 
was made and recorded by employees trained in this procedure, A supply of 
bags was available at all times at each machine so that sewing could be con- 
tinued uninterrupted. When one lot of bags was completed, the next lot fre- 
quently was of a different size and texture. Obviously the work output, there- 
fore, could not be determined by the sole criterion of the number of bags sewed. 
In this factory which had a record of many years’ successful operation, a careful 
study and evaluation had been made on a comparative basis of the relative 
time required for sewing different kinds of bags. This evaluation was e.xpressed 
in terms of standard hourly production. If, for example, the standard hourly 
production of one kind of bag was 800 and that of another 500, a worker sewing 
800 of the first kind of bag in one hour and 500 of the second kind in another 
hour would have a standard hourly production of 100 per cent for each hour. 
The standard hourly production would also have been 100 per cent if the 
worker had shifted from one kind of bag to another during the hour and had 
sewed 400 of the first kind and 250 of the second kind. The standard hourly 
production during the experiment was accordingly determined from the record 
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obtained on the number and kind of bags sewed during each hourly period 
All production data reported in this paper are given in terms of standard hourly 
production. ^ 

In view of the limited objective of this experiment it was not considered 
necessary to determine the blood sugar levels at the different hours throughout 
the day. 

For three consecutive weeks one of the following refreshments was served 
each day during the mid-morning and mid-afternoon rest periods: i) large 
frankfurter, one bun, generous helping of potato chips and one bottle of a 
soft drink; 2) slice of pound cake (approximately 2 ounces), one large banana, 
i pint milk; 3) one bar Hershey’s milk chocolate; 4) a soft drink only. These 
various refreshments will be resferred to as i, 2, 3 and 4, respectively. The 
order of serving the refreshments on successive days was different each week. 
One day in each of two successive weeks no food at all was eaten during the 
rest periods. 

It was estimated that the caloric yield of the four refreshments was ap- 
proximately 650, 350, 150 and 80 calories, respectively. For the purposes of 
this experiment it was deemed sufldcient to have refreshments of widely varying 
caloric content and composition without making exact determinations thereof. 
A rough estimation indicates that the four different refreshments contained 
approximately 63, 70, 54, and 100 per cent carbohydrate, respectively; 13, 15, 
9 and o per cent protein; and 24, 15, 37 and o per cent fat. 


RESULTS 

Thirty-two seamstresses served as volunteer subjects. If all of them had 
reported for work each day of the week there would have been available com- 
plete data on 96 working days with each type of refreshment. It was soon ob- 
served that hardly a day passed without one or more absences. Since there was 
an appreciable difference in hourly production by the various employees, it was 
decided to use the data only when an employee worked each day of the week. 
This was done so as to present only those data that were strictly comparable 
under the different conditions of the experiment. However, it is worthy of note 
that further calculations showed that inclusion of all the data would have intro- 
duced only a very slight and insignificant difference in the averages. 

The average hourly production of the seamstresses during the pre- and 
post-refreshment periods is presented in table i. Each value in the table is an 
average obtained from 52 work days. It is apparent from these data that there 
were only slight differences in production on the days when different kinds an 
amounts of food were served during the mid-morning and mid-afternoon rest 
periods. These differences were not statistically significant. This was confirme 
by an analysis of the wages received by the w^orkers on the days when differen 
refreshments were served. The differences ranged from one-tenth of a cent to 
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one and a half cents per hour. The maximum difference was considerably less 
than 3 per cent of the highest average hourly wage (group average) during the 
e.xperiment. The critical ratio of the largest difference in hourly work output 
after the various refreshments, as shown in table 1, was 1.2. Lower critical 
ratios were obtained for the other differences. 


Table i Houkl\ pkoduction’ or seamstresses on davs on which ditferent refreshments 

HERE SER\ED DURING MID-MORNING AND MID-AFTERNOOV REST PERIODS* 


EETsrsmirNT 


PERCENTAGE OE STAMJAED nOCHLY PEODDCTION 



Morning 

Afternoon 

I. Approx. 650 Cal 

TJO -9 30 

C 1 

p'-f 3 ~n 30 


I ■*-* 
a 1 

2 JS^ 30 



13S 


u 

H'H 

335 

2. Approx 300 Cal 

123 


136 


VI C 

131 

3 Approx 150 Cal 

1 124 


133 


iiSco 

13s 

4 So Cal 

1 122 

1 

m 

134 


(3 

333 


* Each value in the table is an average of $2 work days 


DISCUSSION 

These e.xperiments show that in this type of industrial work, efficiency is 
not affected by the amount or kind of food eaten during the mid-moming and 
mid-afternoon rest periods. Without supplementation the energy reserves de- 
rived from the usual meals appear to be sufficient for the day’s work, even 
though it is of a somewhat exacting nature. As stated previously, the subjects 
in this experiment worked continuously and at top speed. 

However, it should not be concluded from these experiments that refresh- 
ment for the workers during the morning and afternoon rest periods might be 
regarded as a matter of indifference. On the contrary, our observations lead us 
to the conviction that from the point of view of industrial efficiency, such re- 
freshment should be made accessible to the workers; furthermore, that their 
tastes and desires should be taken into account and that they should be allowed 
freedom of choice. 

This conclusion is based on several considerations. On the two days of 
the experiment when no food was eaten during the rest periods there was no 
impairment in work output, probably because of the generous cooperation on 
the part of the workers. However, it became obvious that the workers were not 
pleased over being allowed no food or a favorite beverage. The objections that 
were voiced became so pronounced that we considered it expedient at the end 
of the second week to abandon our original plan of conducting the experiment 
one day in each of three consecutive weeks without refreshments. 

Another consideration is the satisfied state of mind created in the worker 
by providing him with food and beverages that gratify his taste. It has been 
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observed by other investigators (4, 5) that the productivity of industrial 
workers may be adversely affected by unfavorable psychological states, as for 
example, those occasioned by domestic problems, economic anxiety, emotional 
disturbances, social frustrations and frictional management-employee relation- 
ships. It is not unreasonable to suppose that a resentful frame of mind might 
be engendered either by denying the workers access to food and beverages or 
by an attempt toward regimentation in the matter of what they should eat or 
drink. 

It will be observed in table i that there was a higher level of productivity 
in the second half of the morning and afternoon as compared with the preceding 
periods. The increased output, it appears, could not be accounted for by the 
brief rest period and the food eaten at this time because prior to the first hour 
of the morning and afternoon when the output was lowest, the workers had a 
longer period of rest and an appreciable amount of food. The same increase in 
production was observed in late morning and late afternoon on those days 
when no food was eaten during the rest period. These observations maybe taken 
to indicate that food intake and the rested state of the organism are not the 
sole determining factors in work productivity. 


SUMMARY 

The industrial efficiency of seamstresses in a large cotton bag factory was 
not affected by the kind and amount of food eaten during the mid-morning and 
mid-afternoon rest periods. On the basis of this observation and other con- 
siderations it is concluded that from the point of view of industrial efficiency 
workers should be allowed a reasonable freedom of choice of what they eat and 
drink during the rest periods. 


ADDENDUM 

Although it is not pertinent to the primary objective of this investigation, it may be 
permissible to record an interesting observation that there were marked differences in the 
industrial efficiency of different workers, and that an analysis of the company’s records 
of all the employees revealed that there was no relationship between length of service and 
efficiency. This would suggest that the difference in productivity may have been related to 
innate neurophysiological aptitudes for this particular kind of work. When the average 
hourly wages of the individual workers for a period of nine consecutive weeks were arranged 
in deciles, the resultant figure resembled a normal distribution curve. Although the evi- 
dence is not conclusive, it is highly suggestive that the type of work which we were studying 
is executed by certain anatomico-physiological mechanisms which are distributed among e 
population somewhat like body weight, height, intelligence, reaction time etc. It wou 
seem to be to the advantage of industry to explore this possibility, for obviously it wou e 
highly profitable if tests could be devised for selecting employees with the highest pro uctive 
potentialities. As the overhead and maintenance cost of identical machines is the same, 1 is 
apparent that the variable affecting the yield on capital investment is the efficiency 0 
individual operators. 
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Hemoglobin Concentration and Physical Fitness 


H. CULLUMBINE. From the Department of Physiology and Pharma- 
cology, University of Ceylon, Colombo, Ceylon 


R 

Efficient performance of muscular exercise demands an adequate 
supply of oxygen to the tissues and, in conformity with this, we have already 
demonstrated that the ability to perform severe exercise is correlated signifi- 
cantly with the subject’s vital capacity (i). Since hemoglobin is the oxygen- 
carrier between the lungs and the active tissues, it is of interest to see if the 
hemoglobin concentration of the blood is correlated significantly with the 
various aspects of physical fitness. Spealman et al. (2) could find no indication 
of a correlation between hemoglobin concentration and exercise performance 
at high environmental temperatures, but Karpovich and MiUman (3) found a 
reduction in performance for some days after the subjects had acted as blood 
donors. 


METHODS 

The hemoglobin concentration was measured simply by Sahli’s method. The exercise 
tests performed by the subjects were a moderate exercise test, i.e. the Harvard Step Test 
(4); a severe exercise test, i.e. the Endurance Step Test (5); a prolonged moderate exercise 
test (6) ; a strength test (5) and a speed test. Male and female Ceylonese subjects aged 10 
to 20 inclusive performed the tests. 

Wet and dry bulb and globe thermometer readings were recorded; the mode of the 
temperature was 84.6° F. and the mode of the relative humidity was 76.2%. 

Coefficients of correlation between the hemoglobin concentration and the ability to 
perform the various types of physical exercise have been calculated. 

RESULTS 

Hemoglobin Concentration and Speed of Running. Forty-six schoolboys 
(aged 14-20 years) were timed while running competitively a distance of 100 
yards. The coefficient of correlation between these times and the hemoglobin 
concentrations for this group has a value of —0.3602, which is significant at 
the level of P = 0.02. Since speed of movement is inversely proportional to 
the time taken to run 100 yards, we can conclude that the greater the hemo 
globin concentration the faster the speed of running. 

The range of hemoglobin concentrations for the group was 11.4 to i .7 
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gm/ioo cc. blood, wdth a mean of 15.1 ± 0.228; the range of times was 16.2 to 
10.3 seconds, with a mean of 13.8 ± 0,255. 

Hanoglobin Concentration and Response to Moderate Exercise. The moder- 
ate e.xercise consisted of the 5-minute Harvard Step Test and, from the post- 
e.vercise pulse rates, the fitness index pulse for each subject was calculated. 
The test was performed b}”^ 200 male and female subjects, aged 10 to 20 years 
inclusive. Hemoglobin estimations (Sahli) were made before exercising. The 
coefficient of correlation between the fitness index (pulse) and the hemoglobin 
concentration for this group of subjects was —0.07172, which is not a signifi- 
cant correlation. The range of hemoglobin concentrations for the group was 
8.9 to 19.7 gm/ioo cc. blood, with a mean of T4.6 ± 0.19; the range of fitness 
indices was 20.7 to 125.0, with a mean of 80.8 ± 1.59. 

Hemoglobin Concentration and Response to Seiiere Exercise. The same 200 
subjects also performed the Endurance Step Test (5). The endurance index 
time was noted for each subject and the endurance index pulse was calculated 
in each case. Again there was no evidence of a significant correlation between 
the hemoglobin concentration and the endurance index pulse or the endurance 
index time. The coefficients of correlation were —0.113 and -ho.i686 respec- 
tively. The range of the endurance index pulse for the group was 13.3 to 38.2, 
with a mean of 25.4 ± 0.61; the range of the endurance index time was 35 to 
132 seconds with a mean of 83.2 ± 2.15. 

Hemoglobin Concentration and Response to Prolonged Moderate Exercise 
Exhaustion. Subjects can be fatigued by at least two types of muscular exercise. 
In the first place they may be asked to perform a rapid and severe form of 
muscular effort so that they acquire a rapidly increasing oxygen debt; or they 
can perform moderate exercise for a prolonged period. The former type of 
e.xercise is the basis of the Endurance Step Test; the latter type can be simu- 
lated by performing for prolonged periods the standard Harvard Step Test to 
exhaustion (6). Forty-six schoolboys (aged 14-20 years) were asked to perform 
this prolonged Harvard Step Test and the time of performance to exhaustion 
was noted in each case. To ensure adequate motivation, the exercise was made 
a competitive effort between rival schools. The coefficient of correlation between 
these times and the hemoglobin concentration for this group has a value of 
-fo.44o8, which is a significant correlation {P = <o.or). Therefore, we can 
say that for this group of subjects, the greater the hemoglobin concentration 
of the blood, the longer is the time of performance of moderate exercise which 
is required to produce exhaustion. The mean time of performance for the group 
was 457 seconds =b 39.0. 

Hemoglobin Concentration and Strength. Strength has been assessed simply 
by the ability to lift a graded series of weights through a given height (20 
inches) from the floor (5). The strength of the subject is then expressed simply 
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in terms of the maximum weight lifted. The coefficient of correlation between 
these strengths and the hemoglobin concentrations for 200 males and females 
was +0.3016, which is a significant value (P = o.oi). For the 120 males only 
the coefficient of correlation was +0.440 (P < 0.001) and for the 80 females 
only, the coefficient was +0.061 (P > o.i). Therefore, for males, but appar- 
ently not for females, the higher the blood hemoglobin concentration the 
greater the strength of the individual. The range of strength for the group was 
50 to 20$ pounds, with a mean of 117.4 pounds ±3.71. 

DISCUSSION 

We see, therefore, that the blood hemoglobin concentration is correlated 
significantly with speed of movement, strength and the ability to sustain pro- 
longed, moderate muscular effort. This does not mean that the blood hemo- 
globin level is a necessarily important factor in determining speed, strength 
and endurance; a common causal factor, e.g. a good nutritional status, may be 
involved. It is possible to see how the response to prolonged muscular effort 
may be limited in part at least by the oxygen-carrying capacity of the blood, 
but it is difficult to see how the latter can be directly implicated in the deter- 
mination of speed and strength. 

It is interesting to recall our previous conclusions about these three aspects 
of physical fitness. Speed, strength and the ability to sustain prolonged mus- 
cular effort aU increase with increasing age from childhood to reach a maximum 
in early adult life (6). The hemoglobin concentration shows a similar varia- 
tion with age in these Ceylonese subjects (7). 

In addition, subjects with a normal or stocky type of physique are in 
general faster, have a greater strength, and can maintain moderate muscular 
effort longer than can the other physical types. Again, the greater the muscular 
development of subjects, the greater their speed of movement and the greater 
their strength, while speed and the time for which moderate exercise can be 
performed to exhaustion are correlated in a highly significant manner (8). 
Moreover, males are faster than females and they have a greater strength at 
all ages; they also have consistently higher blood hemoglobin levels. There is, 
therefore, much evidence that the three aspects of physical fitness speed, 
strength and the response to prolonged and moderate effort together with 
the blood hemoglobin concentration are intimately related and are possibly 
based upon some conunon causal factor. 

The hemoglobin concentration is not related significantly to the response 
of subjects to 5 minutes of moderate exercise (Harvard Test), nor to their 
response to rapid, severe exercise (Endurance Step Test). The former observa 
tion agrees with the conclusions of Spealman et al. (2) and is to be expecte 
since the large reserye of oxygen-carrying power normally present in the b 00 
of aU but the most anemic of subjects will not be unduly strained by a s or 
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burst of moderate exercise. We might have expected the response to rapid, 
severe exercise to be related to the hemoglobin level in the blood because, in 
tills instance, a rapidly increasing oxygen debt is acquired. Presumably this- 
t}’pe of exercise was so severe that the oxygen debt was too large to be influ- 
enced significantly by the rather small range of hemoglobin levels present in 
our group of subjects. 

It should be noticed that these two aspects of physical fitness, which do 
not correlate significantly with the blood hemoglobin level, decrease with age, 
that both are correlated in a negative fashion with the muscular development 
of subjects, and that, whereas the response to moderate exercise is independent 
of physique tjqie, the response to severe exercise is best in those subjects with 
a slim body build. Tliis behavior contrasts with that of the three aspects of 
fitness which are correlated with hemoglobin level. 

SUMMARY 

The coefficient of correlation between the blood hemoglobin concentration 
and the responses to various exercise tests have been calculated for Ceylonese 
subjects aged 10 to 20 years. It is concluded that the blood hemoglobin concen- 
tration is correlated significantly with speed of movement, strength and the 
abUity to sustain prolonged moderate muscular effort. There is no evidence 
for a significant correlation between the hemoglobin level and either the re- 
sponse to moderate exercise or the response to severe exercise. 
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Relationship between Resting Pulse Rate, Blood Pressure 
and Physical Fitness 


H. CULLUMBINE. From the Department of Physiology and Pharma- 
cology, University of Ceylon, Colombo, Ceylon 


p 

J^HYSICAL FITNESS is a vague term which is usually employed to denote 
the capacity of a subject for physical exercise. As there are many different 
types of physical exercise, there must be many varieties of physical fitness too. 
Some of the more obvious aspects of physical fitness include muscular strength, 
the ability to move with speed, the ability to perform moderate exercise, the 
ability to sustain rapid and severe muscular effort and the ability to maintain 
moderate physical effort to exhaustion. 

It is usually assumed that a fit person has a slower resting pulse rate than 
his less fit colleague. Such an assumption is based upon comparisons which 
have usually been made between trained athletes and subjects engaged in 
sedentary occupations. In the experiments to be described, an attempt has 
been made to compare the resting cardiovascular state with the many different 
aspects of physical fitness, using normally active and healthy subjects aged 
lo to 25 years inclusive. 


METHODS 

A thousand Ceylonese subjects performed the exercise tests. Since performance ability 
varies markedly with age and sex (i), the following groups were arranged among the looo 
subjects: age 10 years, 200 males and 50 females; age 14 years, 200 males and 50 females; 
age 17 years, 200 males and 50 females; age 21 to 25 years, 200 males and 50 females. 

The tests performed included: 

a) The Harvard Step Test (2) for $ minutes, which is a moderate exercise test, and 
from the post-exercise pulse rates and systolic blood pressures, the fitness index pulse and 
the fitness index B.P. were calculated for each subject (3). 

b) The Endurance Step Test, which is a severe exercise test (4), and for each subject s 
performance the following indices were obtained: endurance index pulse, endurance index 
B.P. and endurance index time. 

c) The Harvard Step Test performed to exhaustion. The time of performance of each 
subject was recorded = exhaustion index time (i). 

d) Strength was measured by lifting a graded series of weights a height of 20 inches 
from the floor; strength was then expressed in pounds weight lifted (i). 

e) Speed was assessed by timing the subjects while running 100 yards (i). 
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Before performing tliis battery of tests the sitting pulse rate and the sitting brachial 
blood ]5ressure of each subject were recorded. The mode of the temperature was 80.2° F. 
and the mode of the relative humidity 76.0%. 

RESULTS 

Sillivg Pulse Rale — Physical Fitness. In table i are given the calculated 
coefficients of correlation between the sitting pulse rate and the various es- 
timates of tlie different aspects of physical fitness. 

It is evident that the sitting pulse rate is not correlated significantly with 
speed of movement, nor with the response to severe exercise, nor with strength. 
It is correlated significantly with the fitness index pulse and possibly also with 
the fitness index blood pressure and the time for which moderate effort can 

Table i. Correlatiok BETWErs’ sitting pulse rates and physical fitness 

(1000 subjects) 


inKtss isoex ^ 

coEmaurn- oy 1 

COMtLATION j 

or siGKmcyixcK 

Fitness inde.x pulse 

—0.3740 

% 

o.i 

Fitness index B.P. 

+0.1977 

5 

Endurance index pulse 

—0.1807 

Not significant 

Endurance index B.P. 

+0.0733 

Not significant 

Endurance index time 

—0.04212 

Not significant 

Exhaustion index time 

— 0.2002 

5 

Time to run 100 yards 

+0.07062 

Not significant 

Strength 

—0.06911 j 

Not significant 


be sustained. The correlation Avith the fitness index pulse means that those 
subjects with relatively sIoav resting pulse rates also have relatively slow 
post-exercise pulse rates, and vice versa. 

Sitting Systolic Blood Pressure and Physical Fitness. The sitting systolic 
blood pressure is correlated significantly with the fitness index pulse, the fit- 
ness index blood pressure, speed of movement, the time for which moderate 
effort can be maintained and with strength (see table 2). It does not correlate 
significantly with the response to severe exercise. The correlation between the 
systolic blood pressure and the fitness index blood pressure is highly significant 
and expresses the fact that subjects with a relatively low sitting systolic blood 
pressure have a relatively low post-exercise systolic blood pressure, and vice 
versa. 

The correlation between resting systolic blood pressure and the fitness 
index pulse is based upon the fact that resting pulse rate and resting systolic 
blood pressure are also related. Thus, for our group of subjects, the coefficient 
of correlation between resting pulse rate and resting systolic blood pressure is 
+0.4141. Calculation of the partial coefficient of correlation between the rest- 
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ing systolic blood pressure and the fitness index pulse, keeping the pulse rate 
constant, gives a value of 0.09727, which is not significant. 

The greater the systolic blood pressure, the less is the time required to 
run 100 yards, that is, the greater is the speed of movement. Similarly, the 
greater the systolic blood pressure the longer the time for which moderate 
effort can be sustained and the greater the strength of the subject. We have 
already noted that speed, strength and the time for which moderate exercise 

Table 2. Correlation between sitting systouc blood pressure and 


PHYSICAL FITNESS (lOOO SUBJECTS) 


PHYSICAL riTKESS INDEX 

COEFTiaENT OF 
COSKELATION 

LEVEL OP SICKIPICANCE 

Fitness index pulse 

, —0.02378 

—0.7180 
—0.006327 
—0.08694 
+0.1660 
+0.2063 
-0.321S 
+0.5710 

% 

2 

O.I 

Not significant 

Not significant 

Not significant 

<S 

<i 

<0.1 

Fitness index B.P 

Endurance index pulse 

Endurance index B.P 

Endurance inde.x time 

Exhaustion index time 

Time to run 100 yards 

Strength 


Table 3. Correlation between sitting diastolic blood pressure and 


PHYSICAL FITNESS (lOOO SUBJECTS) 


PHYSICAL FITNESS INDEX 

1 

COEFFiaENT OF 
COXXELATION 

LEVEL OF SIGNIFICANCE 

Fitness index pulse 

—0.2946 

—0.5290 

-0.03385 

—0.1047 

—0.0231 

+0.06164 

—0. 1996 

+0.1742 

% 

<1 

<0.1 

Not significant 

Not significant 

Not significant 

Not significant 

Not significant 

Not significant 

Fitness index B.P 

Endurance index pulse 

Endurance index B.P 

Endurance index time 

Exhaustion index time 

Time to run too yards 

Sfrp.nfyfh 



can be performed to exhaustion are all related in a similar manner to hemo- 
globin concentration, muscular development, physique and age (5). 

Sitting Diastolic Blood Pressure and Physical Fitness. The sitting diastolic 
blood pressure is correlated significantly with the fitness indices but not wit 
the endurance indices, speed, strength and the time of performance of moderate 
exercise to fatigue (table 3). Apparently for our group of subjects, the ower 
the resting diastolic pressure the greater is the fitness for moderate exercise, 
and vice versa. In this group the resting diastolic blood pressure is corre a, e 
significantly with the resting systolic blood pressure (coefficient of corre a ion, 
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r = +0.5813) but not with resting pulse rate (r = — 0.1321). Calculation of 
the coefficient of partial correlation between the resting diastolic blood pressure 
and the fitess index pulse, keeping the pulse rate constant, and between the 
resting diastolic blood pressure and the fitness index B.P., keeping the systolic 
blood pressure constant, gives values of —0.3742 and —0.1970 respectively. 
The former is significant and the latter may be just significant (P = 0.05). 

SHlivg Pulse Pressure and Physical Fitness. The resting pulse pressure is 
not correlated significantly with the ability to move with speed, nor with fit- 
ness for moderate and severe exercise (table 4). There is some evidence of a 
correlation between the pulse pressure and strength. Pulse pressure and sys- 
tolic blood pressure are correlated significantly (r = 0.4007 for this group of 


Tabu. 4. Correlation between situng pttlse pressore and physical 

FITNESS (1000 subjects) 


PmSICAL ^T^•ESS IKDIX 

coEpnorKT OP 
COSHELATION 

LEVEL or siomricAKCt 

Fitness index pulse 

-0.1319 

% 

Not significant 

Fitness index B.P. 

— o.iSrr 

Not significant 

Endurance index pulse 

+O.I 2 S 4 

Not significant 

Endurance index B.P. 

-fo.0471 

Not significant 

Endurance index time 

-1-0.1426 

Not significant 

Exhaustion index time 

-1-0.16923 

Not significant 

Time to run too yards j 

-0.09970 

Not significant 

Strength | 

■+0,2511 

4 % 


subjects) and calculation of the partial coefficient of correlation between 
strength and pulse pressure, keeping systolic blood pressure constant, gives a 
value of +0.02952, which is not significant. 

DISCUSSION 

We can conclude from the above results that the slower the resting pulse 
rate, the slower is the post-exercise pulse rate after a short period of moderate 
exercise. This agrees with the findings of most observers (6). Similarly, the 
lower the resting systolic blood pressure, the lower is the post-exercise blood 
pressure after 5 minutes of moderate muscular effort. On the other hand, the 
greater the resting systolic blood pressure the greater is the speed of movement, 
the strength and the time of performance of moderate exercise to fatigue. This 
observation stresses once more our postulate that the three aspects of func- 
tional fitness — speed, strength and the ability to perform prolonged muscular 
effort — have a common basis. They are usually performed better by sthenic 
types of subjects (i) and sthenic types have, usually, a greater systolic blood 
pressure, better muscular development and a higher hemoglobin level than do 
asthenic individuals (7), Homan (8) and Larson (9) similar^ have reported 
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that sitting systolic blood pressure correlates significantly with fast swimming 
performance, while McKenzie (lo) states that stronger individuals have a 
higher systolic blood pressure. However, it must be noted that most athletes 
cannot be distinguished from non-athletes by resting blood pressure alone 
(6), although it has been reported that hard training seems to produce a higher 
systolic blood pressure (ir). Most studies of this factor have usually compared 
the trained athlete with a sedentary person. It is possible that such compari- 
sons may be vitiated by the tendency of the blood pressure of sedentary adults 
to be raised from pathological or environmental causes. 

Several studies have indicated that a relatively high resting diastolic 
blood pressure is a good index of fitness (6), The only significant relationship 
revealed by our experiments was the suggestion that the lower the resting j 
diastolic pressure the greater is the fitness for a short period of moderate effort. 
We can offer no reasonable explanation of this divergency in results. 

The range of resting pulse rates for our subjects was 62 to no beats per 
minute and the range of the resting systolic blood pressures was 76 to 128 mm. 
Hg. Our results can only be considered to be valid within these ranges and for 
the environmental conditions existing at the time of the tests, We have not 
quoted our results in exlenso for tlie two sexes and the various age groups. Very 
similar results were obtained for both sexes and at all the ages studied. 


SUMMARY 


One thousand Ceylonese subjects, aged 10 to 25 years and of both se.xes, 
performed a series of exercise tests. It has been concluded that the slower the 
resting pulse rate or the lower the resting systolic blood pressure, the slower 
is the post-exercise pulse rate or the lower is the post-exercise systolic blood 
pressure, respectively. Speed of movement, strength and the ability to sustain 
moderate exercise are positively correlated with the resting systolic blood 
pressure. 
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Lu Function Studies. III. Uneven Pulmonary Ventilation in 
normal Subjects and in Patients with Pulmonary Disease' 

WARD S. FOWLER.* From the Deportment of Physiology and 
Pharmacology, Graduate School of Medicine, University of Pennsyl- 
vania, Philadelphia, Pennsylvania 


Various investigators, using fractional (1-4) or continuous (5) analysis 
of alveolar gas exhaled on a single expiration, have agreed that the lungs 
are not ventilated evenly in normal subjects, i.e. that inspired gas is not evenly 
distributed throughout the lung gas. The two principal explanations have 
been i) that thednspired gas is layered (stratified) in each unit of the lung so 
that there is a higher concentration of inspired gas in the alveolar ducts than 
in the alveolar sacs (i), and 2 ) that the inspired gas is distributed unevenly 
to different lobes or lobules of the lungs (2) ; regional differences in ventilation 
have been thought to arise because the per cent change in volume varies in 
different areas of the lung during inspiration (4). Roelsen found that patients 
with bronchial asthma and pulmonary emphysema showed greater variation 
in the composition of successive portions of expired alveolar gas than did 
normal subjects; he attributed this to a greater inequality of intrapulmonaiy 
gas mixing (2). 

Reinvestigation of this problem has been carried out to obtain quantita- 
tive data on /.his lack of uniformity of alveolar gas in normal subjects, to learn 
more concerning the mechanism by which this is produced, and to devise a 
test which might prove of value in the differentiation of normal intrapulmonaiy 
gas mixing from that occurring in patients with certain types of pulmonary 
disease. 

The studies to be reported confirm the presence of uneven lung ventila- 
tion in normal subjects, apparently on a regional basis. However, they indicate 
that preferential distribution of the dead space gas to certain areas of the 
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lungs may occur regularly and to some extent be responsible for the inequality. 
In addition, a ‘uniformity index’ is proposed for the measurement of intrapul- 
monary gas mixing; this index has been calculated for a group of normal sub- 
jects. Although not a direct quantitative measure, it has served to identify 
abnormal intrapulmonary gas mixing in patients. Since the test is objective, 
requires little cooperation on the part of the patient, and takes only a few 
minutes, it may be valuable as a rapid screening test for particular types of 
pulmonary disease. 

METHODS 

General. The method has been described previously (6). In brief it con- 
sists of continuous analysis and photographic recording of i) expiratory volume 
flow, and 2) N2 concentration of respired gases during and after the change 
from breathing room air to breathing 99.6 per cent 0 ;. The Lilly-Hervey nitro- 


TaBLE I . N ORMAL VARIATIONS IN EXPIRED ALVEOLAR Nz CONCENTRATION AFTER MAXHIAL INSPIRATION 

OF O2 


POINTS COIIPARED 

j MEAN ± S. D, 

Nj Difference 

Uniformity Index 


% 


alv7so — alviMo 

0 . 75 ' 

1 

alv750 — alvjTc 

2.4 ifc o.s 

0.852 4 : 0.040 

alv760 — alvb 

5.0 ± 1.4 

0.725 4 : 0.066 


' S. D. and uniformity indices were not calculated, since the variations (0.5 to 1-5% N2) 
approached the error of measiurement. 


gen meter (7), used in these studies, is not sensitive enough to detect accurately 
the slight changes in N2 concentration that occur in respired air during the 
respiratory cycle, when room air is breathed. However, when the inspired gas, 
to be mixed with alveolar gas (80% N2), is not air, but O2 (0.4% N2), the 
effect of uneven mixing is magnified so as to be readily detected with this in- 
strument. 

Studies were performed with the subjects in the sitting position, except 
when noted otherwise. At the beginning of each test, the subject breathed 
room air for several minutes through a mouthpiece attached to a 4-way valve. 
During an expiration, the room air orifice was closed, so that O2 was breat e 
on the following inspiration and thereafter. In special experiments (table 2), 
in addition to the routine measurements of expiratory volume flow, inspire 
volumes were measured from a 6-1. recording spirometer used as the source 0 
O2. For experiments in which positive expiratory pressure was develope y 
expiring against a water column, the flow meter calibration was ca cu a e 
from direct spiromctric measurement of total expired volume. 
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Instrumental. The characteristics of the flow meter and N2 meter have 
been described previously (6). Measured points were separated in time by at 
least 0.5 second, which is at least 5 times the instrumental lag. The Nz con- 
centrations were measured to the nearest 0.5 per cent, corresponding to about 
0.5 mm. change on the record. On the basis of Roelsen’s data (8), we have 
assumed that, when the subject is breathing room air, the concentration of 
No in alveolar gas after a 650-ml. expiration is 80 per cent and have calibrated 
each record on this basis. 

Measurement of Records. The uniformity index, to be described, compares 
the composition of alveolar gas at two different points during the first ex-pira- 
tion following inhalation of 0 ;. The method of selecting these points is conse- 
quently a matter of importance for it is essential that both represent alveolar 
gas uncontaminated with dead space gas. Figure i, obtained upon a healthy 
adult, shows a typical record and the method of measurement. During the 
first part of the record, air is breathed, the Ns concentration appears to be 



Fig. 1. Record or expiratory voexme now (F) and Ns concentration (N) during voluntary 
hyperventilation. Read left to right. First, expiration after air breathing, then inspiration of O2, 
then maximal expiration. For labels under arrows, see text. 

uniform throughout the ex-piration and is assumed to be 80 per cent. Then 
O2 is inspired. On the next expiration, 20 to 100 ml. of undiluted O2 are expired, 
followed by several hundred milliliters of gas with a rapidly rising Ns content, 
and finally by gas with a relatively uniform N2 content. The first two phases 
represent washing out of the respiratory dead space, and the last phase, or 
plateau, is considered to represent ‘alveolar’ gas. These three phases are not 
readily identifiable in all individuals, especially those with pulmonary em- 
physema. However, when they are clearly separable (most normal subjects), 
the point on the curve representing the first pure alveolar gas can be located 
quickly by the following method. 

The point at which the S-shaped curve meets the alveolar plateau is 
selected by drawing a straight line on the photographic record along the top 
of the plateau; the N2 concentration at the point where the plateau line be- 
comes tangent to the rising S-shaped curve is assumed to represent the first 
pure alveolar gas (alva). When expired volume is large, the straight line is 
sometimes drawn along only the first half of the plateau, since the N2 curve 
in the later part of expiration may change its slope in relation to volume, or 
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the terminal reduction in volume flow may change the slope of Na increase in 
relation to time. The justification for this procedure follows. 

Since we are concerned with alveolar ventilation, a ventilatoiy criterion 
is needed to define pure alveolar gas. In terms of ventilation, alveolar gas is 
‘pure’ if it has no admixture of gas from the anatomical dead space. The pres- 
ence of such admixture can be determined as follows. 

During inhalation of O2, the N2 concentration of alveolar gas is progres- 
sively reduced on successive breaths. This change in alveolar N2 concentration 
can be assumed to be expressed by the equation C„ = Cor", 

where Cq = initial alveolar concentration, about 80 per cent N2; 

C„ = alveolar concentration after n inhalations of O2; 
r = alveolar dilution ratio (9). 


For the first several breaths of O2, slight variations resulting from the presence 
of N2 (0.4%) in the inspired gas and the elimination of blood N2 can be neg- 
lected. Thus log C„ plotted against n should give a straight line, passing through 
80 per cent N2 at nQ, if the concentrations selected represent pure alveolar gas. 
When concentration points were selected from s imil ar portions of the first 
part (O2) of successive expired N2 curves, Cq was obviously zero (0.4%). When 
the N2 concentrations were selected at about the midpoint of the S-shaped 
curve, Cq was 40 per cent N2. For N2 concentrations selected at the point at 
which the S-shaped curve meets the alveolar plateau, Cq was 80 per cent Nj, 
and so meet this definition of alveolar gas. The equation is based on certain 
assumptions, including constancy of tidal, dead space and functional residual 
volumes. These results also apply only to the first several breaths of those 
normal individuals whose measured tidal volume was fairly constant, and are 
subject to the limits of accuracy of N2 measurement. In some cases Cq varied 
somewhat from 80 per cent (78.5-81%), but was the same for various points 
on the alveolar plateau ; this indicates that early points on the plateau are as 


nearly pure alveolar gas as the end-tidal points. 

In patients with pulmonary disease and marked unevenness of gas mixing, 
alva usually cannot be selected as above, as can be seen in figure 3. It is nec- 
essary that the expired volume preceding alva be sufficient to wash out com- 
pletely the anatomical dead space, so that alva is uncontaminated with dea 
space gas. The wash-out volume has been found in normal subjects to have 
an average value of 325 ml. (S.D. ± 65 ml.) during quiet breathing (6), or 
526 ml. (S.D. db 118 ml.) during maximal inspiration and expiration (see t e 
section on Results). With maximal lung inflation the dead space and t e 
volume required to wash it out on expiration are enlarged. Thus, on a f 
record an expired volume of 750 ml. is marked on the flow record an t e s^ 
multaneous point on the N2 record is considered to be alva; 75 ° ^ ^ 

because it represents approximately the mean normal wash-out vo ume p 
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2 S.D. This method does not identif}'- the first portion of pure alveolar gas, 
but statistically insures that 95 per cent of such points represent alveolar gas 
uncontaminated with anatomical dead space gas; when alva is obtained in 
this wa)', it is identified as alvyso. The assumption that the volume required 


Table 2. Eitect of respiratory variables on xjNiFORMirY or expired alveolar gas* 
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* All figures are average values. 


to wash out the dead space is not greater in patients than in normal subjects 
is supported by experimental data. 

Other N2 concentrations, used for comparison with alv^ or alvrso, may 
vary according to the circumstances of the study. One such point can be the 
highest N2 concentration on the plateau, found at or very near the end of 
expiration; this is called alvb. The volume of expired gas between alv^ and 
alvb can be variable; therefore in a few special studies (table 2), the points 
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compared were alvb and a point at a measured volume preceding alvb. These 
points are designated as alvb minus the volume indicated (e.g. alvb - looo). 

Many patients with cardiopulmonary disease have a reduced vital capac- 
ity an increased residual capacity, and cannot expel as large a fraction of 
their total lung capacity as normal subjects. It seemed advisable to have addi- 
tional measurements on normal subjects which could be used for comparing 
similar fractions of the total lung gas. Two such measurements were made for 
the normal subjects who made maximal inspirations and expirations. The first 
was the N2 concentration at i2So-ml. expired volume (alvi26o); most adult 
patients can expire 1250 ml. or more in the vital capacity procedure. Nj con- 
centrations were also measured at a total expired volume equal to 50 per cent 
of the total lung capacity, estimated from age and vital capacity (10); this 
point is called alvjxc) and was at an average expired volume of 2760 ml. 

Calculation of Results. In any system the dilution of contained N2 by added 
O2 can be represented by the equation 

r -r 

^ ‘ Vi -1- T. 

where C,- = initial N2 concentration 

Cf ~ final N2 concentration 
V i = initial volume 
Fa = added volume of O2. 


so 


V C- ~ C 

Rearranging, — = — This may be called the ‘dilution index’. For 

Vi Cp 

example, if one liter (Fa) of O2 is added to one liter (F,-) of gas containing 80 

per cent N2 (C,), Cf becomes 40 per cent and — = i-o. If only 600 cc. of 

40 

O2 is added to one liter of So per cent N2 gas, Cf becomes 50 per cent 

— — = 0.6. In both cases the magnitude of dilution is expressed quantita- 
50 

tively by the dilution index. Comparison of dilution in two systems can be 
expressed as the ratio of the respective dilution indices, which may be calle 

the uniformity index. Here this is — , or the added O2 per unit of initial volume 

1.0 

in the second case has been only 0.6 of that in the first case. In results, 
, dilution index of late expired gas pgr 

uniformity mdex = of'^riy expired gas' 

cent has been used as the initial concentration, A uniformity 
computed for any two alveolar concentrations among those measure a a, 
alv7Bo, etc.). However, for normal subjects, uniformity indices 
calculated for alv^ - alvb with quiet breathing, or alv75o - alvi2Bo wi yp 
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ventilation, since the differences in No concentration were small and approach 
the error of measurement. 


IU2SULTS 

Uuiformily of Expired Alveolar Gas in Normal Subjects. Records were ob- 
tained from 45 healthy while males, aged 19 to 38 years, who were breathing 
naturally. On the first e.xpiration after 0 « inhalation, the expired volume of 5 
subjects was insufficient to wash out the dead space and the alveolar plateau 
therefore W'as not e\ndent; measurements were made at alv^ and alvb on the 
records of 40 subjects. The N. plateau was approximately linear in 36 subjects, 
was wav}’- in 3 cases, and in one case showed a sudden step-like rise late in 
e.\piration without coincident change in volume flow. In all, the N2 concentra- 
tion at alvb was equal to or greater than that at alv^; the average increase was 
1.64 per cent wnth a standard deviation of ±0.84 per cent. Both the slope of 
the plateau and volume of ex-pired gas between the measured points were 
variable. 

Thirty measurements were also made on 18 healthy subjects (6 female, 
12 male, age 17 to 73, average 33.7 years) during maximal expiration following 
maximal inspiration of O2; velocity of breathing was not controlled. These 
subjects were semi-reclining, with the head and trunk elevated 50-60 degrees 
above the bed. This position was selected because it is satisfactory for 
dyspneic as well as for normal subjects. Average values were: total expired 
volume, 4330 ml.; volume to alvjxc) 2760 ml.; volume to alVa, 526 ml.; S.D. 
±118 ml. (aU BTPS). In every case the N2 concentration of the alveolar pla- 
teau increased almost linearly with respect to volume throughout most of the 
expiration, although during the last several hundred milliliters it increased 
more steeply in some and decreased slightly in others. The results of N2 meas- 
urement are given in table r. The uniformity indices were reproducible; the 
S.D. of differences between duplicate measurements (alvTso — alvb) and their 
mean was 0.022 in 12 subjects. 

Factors Influencing Uniformity of Expired Alveolar Gas. The increasing 
alveolar N2 concentration later in expiration indicates that inspired O2 is not 
evenly distributed throughout the functional residual gas and also that the 
relatively poorly ventilated areas of the lung empty proportionately more in 
late expiration. The following experiments were performed to determine the 
effect of varying volume, time and velocity of inspiration and expiration upon 
the uniformity of expired alveolar gas. 

The best controlled experiments are listed in table 2 ; colunm A gives the 
differences in % N2, volume and time between alvg and alvb; expirations were 
always maximal. Comparison of uniformity indices in column A is valid except 
for the experiments with increasing inspired volume, in which the unifo rmi ty 
indices in column B should be used, since the latter have been computed for 
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equal volumes of gas expired at the same level of lung inflation. In 21 pairs of 
duplicate experiments on stibject i, the S.D. of the differences between duplicate 
uniformity indices and their means was 0.023, and in the 14 pairs of duplicate 
experiments on subject 2 was 0.024. Thus a difference between the means of 
duplicate indices, as listed in table 2, must equal or exceed 0.05 to be significant. 

a) Inspiratory variables. It will be noted that as inspired volume in- 
creased, the uniformity of expired alveolar gas increased, i.e. the uniformity 
index approached unity (column B), although there was a diminishing effect 
with increasing volumes. 

As inspiratoiy time was prolonged by breathholding for 10 to 30 seconds, 
the variation in N2 concentration decreased, but was still 2 to 3 per cent N2 
after 20 to 30 seconds of breathholding. Similar experiments were done by 5 
other subjects, comparison being made between uniformity indices of maximal 
expirations following a) immediately and b) 20 seconds after inspiration. In 
all, the uniformity index was greater after breathholding but did not reach 
unity. The mean increase was 0.154, with a significant t value of 4.3. Although 
inspired volume was not measured in these 5 subjects, the similarity of N2 
concentrations and total expired volumes indicated that it had not varied by 
more than 100 to 200 cc. between the comparative experiments; peak expira- 
tory flow was voluntarily controlled and found similar on measurement. Other 
inspiratory variables were tested without observing any significant effect. 
These included rate of inspiratory volume flow (8 e.xperiments, 2 subjects); 
preinspiratory lung volume (12 experiments, 2 subjects); inspiratory flow and 
time (8 experiments, 2 subjects) ; and positive (8 cm. H2O) inspiratory pressure 
(5 tests, 7 control experiments, i subject). 

b) Expiratory variables. When a maximal e.xpiration was made evenly, 
alveolar Na concentration increased almost linearly with respect to both time 
and expired volvune during the major part of the e.xpiration (fig. i). However, 
rapid expiration produced a more horizontal plateau than slow expiration 
(table 2). Experiments varying the rapidity of expiration were also done by 
7 other subjects. With slow expiration the average peak expiratory flow was 
34 1 /minute, and with rapid expiration was 115 1 /minute. In all cases the 
uniformity index (alva— alvb) was greater with a rapid expiration; the mean 
increase was 0.17, with a highly significant t value of 4.6. 

When a normal quiet expiration was followed immediately by a further 
forced expiration, as in giving an ‘end-expiratory’ alveolar sample, the N® con 
centration no longer increased evenly in respect to volume, but increased rap 
idly early in the forced expiration, and then remained almost constant durmg 
the rest of the expiration. Such results were found in 6 of 9 normal subjects, 
in 3 the slope remained constant despite the interposed forceful expiration. 
In one subject, a small increase in uniformity was found with positive expira 
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toty pressure (10 cm. H; 0 ); the mean uniformity inde.x 0.68 of 7 experiments 
was significant!)" greater than the mean index 0.65 of 7 control experiments. 

Cause of Nonuuiforuiify of Expired Alveolar Gas. In addition to the ex- 
planations previously offered (‘stratification’ and ‘regional’ concepts) there is 
another way in which nonuniformity could arise, even though the per cent in- 
crease in volume during inspiration is equal in all sections of the lung. From 
experiments on one normal subject, Rauwerda concluded that certain areas 
of the lung fill mainly during the first part of inspiration, and other areas fill 
mainly during the latter part of inspiration. This process we shall call ‘se- 
quential ventilation’. He also observed that the areas which fill during early 
inspiration are less well ventilated than the areas which fill later. On this basis 
the following possibility is suggested. 

It is certainly reasonable to believe that the dead space gas enters the al- 
veolar spaces first, and the fresh inspired gas (O2 in our studies) follows. If 
certain areas of the lung fill first, they may receive more of the dead space gas, 
while the areas which fill later receive more of the O2. Then regional differences 
in alveolar gas composition will arise toward the end of inspiration even though 
the final percentage increase in volume is equal in all areas. This sequential 
filling process can be detected by examination of the expired alveolar gas 
only if there is also sequential empt)dng. The results above show that sequen- 
tial emptying does occur, with relatively poorly ventDated areas emptying 
preponderantly later in expiration. If the higher Ns concentration in these 
areas had resulted from preferential distribution of the dead space (80% Ns) 
gas to them, it would be required that the areas which fill first on inspiration 
also empty last on expiration. 

This concept of sequential ventilation was tested by studies in which the 
sequence of inspired gases was reversed. Inhalations were made consisting of 
several hundred milliters of Os, followed without interruption by several 
hundred milliters of room air. When such inhalations began at the normal 
expiratory position, the usual rising Ns concentration late in expiration was 
found; however, when inspiration began at an extreme expiratory position, 
the slope of the alveolar plateau was reversed. Instead of the usual rising Ns, 
now a decreasing Ns concentration later in expiration was found ; reversal of 
the alveolar Ns slope was obtained in duplicate experiments on 3 normal sub- 
jects. This confirms Rauwerda’s results and the ‘first-in, last-out’ possibility. 
When the gas that entered first contained 80 per cent Ns (dead space) and 
the gas that entered last was Os, a higher Ns concentration was found in the 
last expired gas. When the gas that entered first was mainly Os, and the gas 
that entered last contained 80 per cent Ns, a lower Ns concentration was found 
in the last expired gas. This procedure was also used on 5 persons having pul- 
monary disease (asthma, chronic bronchitis, emphysema). Maximal inspira- 
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tions and expirations were made (average 1790 ml.); inspired gas was either 
all O2, or the first half was O2 followed without interruption by room air 
After inhalation of O2 alone, the plateaus showed considerable upward slope 
However, after the 02-air inhalations, the plateaus in every case were more 
nearly horizontal. Uniformity indices, calculated from N2 concentrations at 
750 ml. and end-expiration, were, with 02-air inhalations, increased an average 
of 0.196, with a higlily significant i value of 7.8. These changes are of course 
similar in direction to those in nonnal subjects. 

If variations in the composition of alveolar gas were due solely to sequen- 
tial filling, the volume of the dead space should limit the extent of variation, 
and greater variation would be expected when the dead space was increased. 
Experiments on 2 normal subjects were made in which dead space was added 
by interposing air-filled rubber tubing between the 4-way valve and the source 
of O2. When inspiration began at the normal expiratory level, the addition of 
150 or 350 ml. of dead space did not affect the uniformity of expired alveolar 
gas; however, when inspiration began at a deep expiratory position, more 
variation in composition was found with added dead space (table 2). Eight 
subjects with chronic pulmonary disease made vital capacity inspirations and 
expirations (average 2580 ml.); inspired gas was, in each subject, either all 
O2, or 650 ml. dead space was added. Comparison of uniformity indices, calcu- 
lated from N2 concentrations at 750 ml. and end-expiration, showed them to 
be smaller in all cases with added dead space. The mean decrease, 0.06, was 
highly significant, having a t value of 4.9. 


DISCUSSION 


In these studies, N2 concentration of expired gas always increased, with 
continued expiration, when O2 had been inhaled on the preceding inspiration. 
Before this finding can be interpreted validly in terms of alveolar ventilation, 
certain points require consideration. The phenomenon does not appear to be 
an artefact for the following reasons, a) The increase is much slower than the 
instrumental lag. h) After inhalation of room air, alveolar N2 content is ap- 
proximately constant during normal or forced expiration, c) After breathing 
O2 for several minutes and then inhaling one breath of room air, the expired 
alveolar gas regularly shows a decreasing N2 content later in expiration, j 
After a large inspiration of O2, the N2 concentration of 3000 ml. of 
alveolar gas may rise by 7 per cent; this would represent an addition 0 a 
least 105 ml. of N2 or 133 ml. of air, wliich is too large to have come from pu 
monary venous blood, lung tissue or the oronasal cavities, or to be attribute 0 

an R.Q. effect. _ + f ad- 

The increasing N2 content cannot represent a decreasing amoun 0 ^ 

mixture with O2 from the respiratory dead space, 'pure’ alveolar gas ein^ 
expelled only at the extreme end of expiration, as Armitage and Arnott sug 
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(ii), for reasons discussed under the section on methods. Furthermore, the 
addition of more than 400 ml. of O2 would be required, during a 3000-ml. 
expiration, to depress the plateau concentrations an average of 3.5 per cent 
N: below that of the pure alveolar gas, represented by alvb. This volume, 400 
ml., added to the 150 to 200 ml. of O2 e.\pired prior to the plateau, is much 
greater than the volume of the respiratory dead space. 

Thus, one may conclude that the plateau represents alveolar gas and that 
the variations in e.xpired alveolar N2 concentrations, by exclusion, must be 


Table 3. Illustration of ventilation mechanisms' 
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attributed principally to unequal distribution of O2 throughout the functional 
residual gas. 

These studies confirm previous findings that the lungs are unevenly 
ventilated in most healthy subjects, even during a maximal inspiration. The 
average uniformity inde.x, 0,725, is similar to the magnitude of variation in com- 
position of expired alveolar gas reported by Roelsen and Mundt. However, 
the observed variations in N2 concentration during an expiration represent only 
the minimal variations which could have existed in the lungs at end-inspira- 
tion, For example, marked regional differences could exist in the composition 
of alveolar gas, but go unnoticed if the proportion of gas delivered to the ex- 
pired gas from each region remained constant throughout expiration. Since 
the N2 concentration does increase later in expiration, the proportion must be 
changing progressively in favor of poorly ventilated areas. However, the change 


















294 


WARD S. FOWLER 


Volume 2 


in proportion, or the relationship between the emptying of various areas can 
be altered. The sudden increase in Nz concentration with an interposed forceful 
expiration indicates that emptying of poorly ventilated areas is promoted to 
a greater degree than that of well ventilated areas. When the total expiration 
is more rapid, the increased gas uniformity suggests that poorly ventilated 
areas are emptied early in expiration to a greater extent than when expiration 
is quiet. Mundt’s failure to note the effect of changes in expiratory rate may 
have been due to the use of Hz, or to comparing only the differences in the last 
liter of a maximal expiration. The slope of Nz increase in the last liter is not 
always equal to that in alveolar gas expired earlier and may not show changes 
which are evident in the total expired alveolar gas; with this Rauwerda agrees. 
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Fig. 2. Various mecha- 
nisms OF PULMONARY VENTILA- 
TION. Open and closed circles 
represent Nz molecules. Central 
figure shows pre-inspiratory con- 
ditions in 2 lung areas and dead 
space. Figs. 1-4 correspond to 
conditions in table 3, after in- 
spiration of a Ns-free gas (Oj). 
See text. 


If analysis of the expired gas is used to determine whether end-inspiratory 
variations in alveolar gas composition can be changed, expiration must be 
controlled. Although the expiratory flow pattern is obviously an incomplete 
registration of the emptying process, similarity of flow patterns is at least some 
indication of a similar emptying process, and appears to be one of the require- 
ments for reproducing the alveolar plateau. With such control, it appears that 
larger inspired volumes promote equality of alveolar ventilation. This is com- 
patible with either of the theories of unequal ventilation. 

There are two main theories concerning the mechanism of uneven ventila- 
tion. The first states that the inspired gas is layered or stratified in each indi- 
vidual air unit throughout the lung so that there is a higher percentage of in 
spired gas in each duct and atrium than in the slightly more peripheral alveo ar 
sacs; this might give rise to a progressive increase in Nz concentration throng 
out expiration (table 3, fig. 2, mechanism i.) However, Rauwerda be leves 
this theory to be untenable, since his calculations showed that, wit m one 
second, diffusion would obliterate any differences existing within t e uni 
consisting of an alveolar duct and its alveolar sacs. He showed that uring i 
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to 30 seconds of breatliholding after O2 inhalation, the differences in alveolar 
gas concentrations are reduced, but not eliminated; our results using similar 
periods of breathholding confirm this with respect to Nj. He concludes that 
differences which disappear have done so bj'' diffusion inside individual lobules 
or between adjacent lobules; the differences which do not disappear represent 
variations in the composition of gas in more vndely separated areas of the lung. 

The second, and more likely, concept is that regional differences exist, 
namely that inspired gas is distributed unevenly to different lobes or lobules 
of the lung. In 1909 Keith (12) pointed out that the expansion of various parts 
of the lung may be unequal, since the lung is composed of elements of varying 
degrees of distensibility. The root zone, containing large bronchi and vessels 
and much fibrous tissue, offers greater resistance to a distending force than the 
peripheral subpleural zone. It must be remembered, however, that unequal 
e.xpansion mU produce unequal ventilation in different regions only when the 
percentage increase in volume varies in the different areas of the lung. In that 
case, non-uniformity of alveolar gas would occur (2, 4). These mechanisms are 
illustrated in figure 2, mechanisms 2 and j. 

There is also another way in which regional differences in composition could 
arise, even though the percentage increase in volume was equal in all sections 
of the lung (fig. 2, mechanism 4). This results from sequential ventilation, 
which indicates that certain areas of the lung fiill before, and empty after, other 
areas. When sequential filling occurs early in inspiration, the first gas entering 
the alveolar spaces (dead space gas) is distributed preferentially to those regions 
which expand first. Experimental evidence has been obtained which supports 
this mechanism as being a cause of uneven alveolar ventilation in both normal 
subjects and in patients with puhnonaiy disease. However, such evidence was 
obtained in normal subjects only when inspiration began at an extreme ex- 
piratory position, but not at the normal expiratory position. The cause of this 
difference is not apparent. The regional intrathoracic distribution of various 
forces interacting to cause gas flow in and out of the lungs is not well under- 
stood, either with respect to magnitude, time course, or variation at different 
levels of lung inflation. 

If variations in alveolar gas composition were due solely to inequality in 
the percentage increase in volume, it is not apparent why the variations should 
be affected by changing either the sequence of inspired gases or the volume of 
the dead space. It is possible that both mechanisms, unequal percentage changes 
in volume and sequential ventilation, occur. The uniformity of the composition 
of alveolar gas would then depend on the relative magnitude and spatial dis- 
tribution of the two processes. 

When breathing air, the O2 content of alveolar gas depends on both the 
loss to the pulmonary blood (perfusion) and the gain from the inspired air 
(ventilation). Although the results above measure only the ventilation factor. 
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they suggest some of the variables which may be involved in obtaining re- 
producible Haldane-Priestley alveolar samples, a procedure which is well 
known to require considerable training. The marked variation present in a 
single alveolar expiration emphasizes that a single small sample of alveolar 
gas may not be representative of the total expired alveolar gas. Rahn and as- 
sociates (13) found concentrationsof O2 in alveolar gas to decrease in orderwhen 
samples were obtained i) at the end of normal tidal volume, 2) at the end of 
forced expiration begun at end-inspiration, and 3) at the end of forced expira- 
tion begun at end-expiration. The differences were attributed to the time re- 
quired for the forced expiration. The significance of the differences between 
various types of alveolar gas samples is currently debatable. Barker et al. 
(14) found the pCOa to be lower in the end-tidal samples than in arterial blood, 




Fig. 3. Records or ex- 
piratory VOLUME PLOW (F) and 
N2 concentration {N) during vol- 
untary hyperventilation. First, 
expiration after air breathing, 
then (1-2) inspiration of Oj, 
then expiration. Nj concentra- 
tion at alvijso exceeds alviw in the 
normal record by i per cent, 
in the emphysema record by 
9 per cent. 


and Forssander and White (15) believe that end-tidal samples are diluted with 
air from the dead space. However, Rahn (16) found close agreement between 
end-tidal and arterial tensions. The present studies indicate that end-tidal gas 
comes chiefly from well- ventilated alveoli. As Roelsen pointed out (8), alveolar 
gas samples at the end of a deep expiration come from relatively poorly venti- 
lated alveoli. In such a terminal sample of expired gas, gas from poorly venti- 
lated alveoli will be represented to a greater extent a) when the total expira- 
tion is slower, and b) in end-expiratory Haldane-Priestley samples than in 
end-inspiratory samples. The latter is because the normal tidal expiration 
empties mainly well ventilated alveoli; this gas is not available for admixture 
in the end-expiratory sample. 

The experimental procedure used in the study of normal subjects as een 
extended to an investigation of patients suspected of hamng abnormal alveo ar 
ventilation. The patient is asked to make a maximal inspiration of O2 an 
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follow this by a maximal expiration (vital capacity procedure). Na concentra- 
tions are measured at alvjBo, alvisBo, and at alvb. Our studies confirm Roelsen’s 
finding that patients \vith bronchial asthma and pulmonary emphysema show 
much greater variation in the composition of alveolar gas than do normal 
subjects (fig. 3). In normal subjects, the difference between alvuBo and alv 76 o 
is not more than 2 per cent Na; this may increase to 3 to 4 per cent in patients 
with uncomplicated bronchial asthma and to 10 per cent in patients with 
marked pulmonary emphysema. For reasons noted previously in the section 
on METHODS, these differences have not been expressed as uniformity indices. 
However in the range of Na concentrations usually found, 20 to 50 per cent, 
the relationship between percentage Na differences and uniformity indices is 
such that larger percentage Na differences correspond roughly to smaller uni- 
formity indices. The normal uniformit}' index, calculated for alvreo and alvb is 
0.725 (S.D. ± 0.066), and may decrease to 0.50 in some patients with asthma 
and to 0.25 in patients with severe emphysema. If the total lung capacity has 
been measured, the uniformity index calculated for alv7Bo and alvjTc is useful, 
particularly in patients having slightly abnormal plateaus. Such patients may 
expel only 50 to 60 per cent of the total capacity and the uniformity index 
(alv75o ~ alvb) may be 0.65 to 0.75. Such values are compared better with the 
normal index for alv75o — alvjxc, which is 0.852 (S.D. ± 0.04) than with 
the normal index for alv76o — alvb (0.725 ± 0.066), which represents expulsion 
of about 80 per cent of total capacity. Detailed data upon patients will be pre- 
sented elsewhere. 

Findings in patients such as these were attributed by Roelsen to increased 
variation of alveolar ventilation. However, variations in the composition of 
expired alveolar gas depend not only on uneven ventilation but also on the 
relations between the emptying of different areas of the lung. Thus the differ- 
ences might not be solely the result of greater variations in alveolar ventilation, 
but be entirely or partially due to different emptying patterns; qualitatively, 
this is unlikely, since other evidence (9, 17) indicates the presence of abnormal 
ventilation in emphysema. However, at present this limits the validity of using 
the variations in compositions of expired alveolar gas as a quantitative measure 
of the uniformity of alveolar ventilation. Despite this, such measurements 
are useful clinically. With the continuous analysis method, they can be made 
rapidly and with a minimum of subject cooperation, and may be useful as a 
screening test for patients suspected of having abnormal pulmonary gas 
mixing. 


SUMMARY 

Continuous analyses were made of N2 concentration and volume flow of 
gas expired after one inspiration of 99.6 per cent O2. A ventilatory criterion for 
identifying alveolar gas is given. After O2 inhalation, the N2 concentration of 
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alveolar gas increased as expiration continued. During maximal ventilation 
the average increase in alveolar N2 concentration was 5 per cent; the uni- 
formity index was 0.725, which expresses the minimal variation in dilution of 
alveolar N2 by inspired O2, This finding indicates a) that inspired O2 is not 
evenly distributed throughout the functional residual gas, and b) that the rel- 
atively poorly ventilated areas of the lung empty predominantly later in ex- 
piration. Uniform end-inspiratory distribution of inhaled O2 is favored by 
larger inspired volumes and by breathholding. Uniformity of expired alveolar 
gas is affected by the rate and manner of expiration. The interpretation of 
data utilizing single alveolar gas samples is discussed. 

Experimental evidence was obtained against the stratification theory of 
uneven lung ventilation and favoring the regional concept. A new concept, with 
supporting evidence, has been advanced to explain uneven ventilation on a 
temporal basis ; this sequential ventilation results in a preferential distribution 
of the respiratory dead space gas to those regions which fill first on inspiration. 
Both preferential distribution of the dead space gas and also variations in 
percentage volume changes may occur as explanations for uneven alveolar 
ventilation. 

Subjects with bronchial asthma and pulmonary emphysema showed 
greater variations in alveolar gas composition than did normal subjects. This 
difference makes the test useful in clinical diagnosis; measurements are made 
easily and rapidly. Their present limitations as a quantitative measure of 
intrapulmonary gas mixing are noted. 

The author wishes to thank Dr. J. H. Comroe, Jr., and Dr. S. S. Kety for valuable 
advice. 
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Effect of Gas T)e7isity on Kesistance to Respiratory 
Gas Flow in M.an^ 


ARTHUR B. OTIS and WELDON C. BEMBOVVEJJ. From 
the Department of Physiology and Vital Economics, Univnsily oj 
Rochester School of Medicine and Dentistry, Rochester New York 

R 

\^ELIEF OF CERTAIN TYPES of dyspnea by substituting a mixture of helium 
and oxygen for air as the respired gas has been demonstrated by Barach (i, 
2) and others (3-5). The beneficial effect is attributed to the fact that a smaller 
pressure gradient is required To move the less dense gas through a resistance 
(2). Dean and Visscher (6) by experiments on dog lungs have confirmed the 
belief that the apparent reduction in resistance to gas flow is related to the 
lesser density of the helium-ox}^gen mixture, and have further shown that it 
is actually due to a decreased turbulence. The relative ease of breathing which 
is subjectively noted at reduced barometric pressures (e.g, in a high altitude 
chamber) is presumably a similar phenomenon. 

The purpose of this paper is to present data showing the magnitude of 
the reduction in resistance to daw that occurs in the human respiratory trad 
when the gas density is decreased by substituting helium-oxygen for air or by 
decreasing the barometric pressure, and to demonstrate that the observed de- 
crease in resistance is adequately explained on the assumption that it is due 
to a decreased turbulence. 

THEORETICAL 

The pressure gradient required to move air in and out of the lungs is de- 
pendent on the geometry of the respiratory tract and on the density and 
viscosity of the respired gas. According to Rohrer (7) the relationship for the 
human respiratory tract between the volume-rate of flow and pressure gradient 
is P = iTiF -f- where P is the pressure gradient and V the rate of flow. 
The validity of an equation of this form has been to some extent confirmed 
experimentally by Otis and Proctor (8). The linear part of the equation repre- 
sents the stream-line flow component and its constant, Xi, includes the vis- 
cosity of the respired gas. The quadratic part represents the local turbulence 
occurring where the airways branch or suddenly change diameter, and its con 
stant, IC2, includes the density of the air. 

Received for publication October 17, 1949. . , Air 
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Reduced barometric pressure or substitution of an 80 per cent helium-20 
per cent oxygen mixture for air diminishes the density of the respired gas but 
alters the viscosity only slightly and should change the constant without 
greatly affecting Ki. (Both constants are dependent in part on the dimensions 
and configuration of the respiratory tract, but it seems reasonable to assume 
that these factors would be independent of the density of the gas breathed.) 

EXPERIMENTAL 

The alveolar pressure gradient and rate of flow were measured by the 
method prexdousl}’' described by Otis and Proctor (8) but with a somewhat 
more refined apparatus. The flow meter utilized 400-mesh monel gauze as a 
resistance. It had a dead space of only 70 cc., a resistance of 1 mm. H2O/ 
200 cc/sec., and gave linear calibration up to at least 4500 cc. per second. The 
interrupter was constructed in the form of a slide valve. It was closed by a 
solenoid magnet and returned to the open position by a counter-spring. Re- 
cording of the alveolar pressure and of the differential pressure from the flow 
meter was accomplished by means of strain gage pressure transmitters (Stat- 
ham Laboratories) connected with a carrier wave amplifier which fed into the 
galvanometers of an oscillograph (Hathaway Instrument Co.). 

For measurements of the effect of substituting helium-oxygen mixtures 
for air, the distal end of the flow-meter was connected to a set of inspiratory- 
expiratory valves. During the air-breathing period both valves were left open 
to the air on the side away from the subject. For the He-Oj breathing period 
the inspiratory valve was switched to a spirometer containing 80 per cent he- 
lium-20 per cent oxygen. The general procedure was to record for about a 
minute with the subject breathing air, then to have the subject take several 
deep breaths of the He-02 mixture in order to flush the air out of the Irmgs, 
and finally to take a record with the subject breathing the mixture. During 
the periods of recording the subject was requested to breathe normally at 
first, then to increase his ventilation somewhat so as to obtain higher rates of 
flow. 

In order to determine the effect of reduced barometric pressure, subjects 
were taken to the desired altitude in our low pressure chamber. Except during 
the actual measurements the subjects breathed oxygen from a demand system. 
When measurements were desired, the subject took a deep breath of oxygen, 
put on a nose clip, and then breathed from the mouth piece of the alveolar 
pressure apparatus. The distal end of the flow meter was, in these altitude 
experiments, connected to a 50-liter Douglas bag containing oxygen. Since 
only about a minute was required to obtain a set of measurements, the re- 
breathing that occurred with this arrangement was not excessive. 
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RESULTS 

Comparison of Air and So Per Cent He-20 Per Cent O2. The data obtained 
from measurements of the records taken on one individual are indicated by 
the points plotted in figure i. Since our method shows no consistent difference 
between inspiratory and expiratory resistance to flow (8), no distinction has 
been made between points obtained during inspiration and those obtained 
during expiration. From inspection of the plotted points it is obvious that in 
general for a given rate of flow a smaller pressure gradient is required when 
helium-oxygen instead of air is the respired gas. 

According to the theoretical discussion above, it should be possible to fit 
each of the two sets of data with a curve of the form given by equation i in 
which Kx should be approximately the same for both curves, but for air 


Fig. I. Relationship be- 
tween RATE OF FLOW and alve- 
oli-mouth pressure gradient ob- 
tamed for one subject, breathing 
air (open circles) and 80% He- 
20% O2 (solid circles). 
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breathing should be about three times that for the helium-oxygen mixture, 
since the ratio of the density of air to that of a mixture of 80 per cent helium- 
20 per cent oxygen is approximately 3:1. Such a pair of curves have been 
constructed on figure i, which seem to give a good fit to the experimental 
points. In addition, the straight line, P = KxV, which represents the viscous 
flow component common to both gas mixtures, has been drawn. The distance 
along the abscissa from a chosen rate of flow on the axis of ordinates to this 
line represents the pressure required to overcome the viscous resistance for 
that rate of flow for either air or helium-oxygen. The additional distance t at 
must be traversed along the same abscissa until the curve for He-02 is inter 
cepted represents the additional pressure that must be developed to overcome 
the turbulence breathing this gas mixture. The pressure required to overcome 
turbulence for air breathing can be represented in a similar fashion. 

Comparisons between air and 80 per cent helium-20 per cent oxygen 
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the inspired gases were made on 20 individuals. In each case the data were 
graphed as in figure i and a free-hand curve was drawn through each set of 
plotted data. In each case the curve for the helium-oxygen lay above that for 
air. The points plotted in figure 2 are the means of the alveolar pressure values 
read off the individual curves of the 20 subjects at each of several rates of 
flow. These points have been fitted with curves of the form given by eqtiation 
I and in accordance -wfith the theory discussed above. Although the fit of the 
curves to the points is not perfect, it is adequate as judged by the fact that 
the lines showing the extent of the standard error of the means which the 
points represent are intersected in all but one instance. It should be pointed 
out, however, the the deviation of the theoretical curves from the experimental 


Fig. 2. Relatiokship between rate 
OP PLOW and alveoli-mouth pressure gradi- 
ent obtained for 20 subjects, breathing 
air (open circles) and breathing 80% He- 
20% Oj (solid circles). Each point indicates 
the mean alveolar pressure of all subjects 
for a particular rate of flow. The horizontal 
lines through the points show the magni- 
tude of the standard error of each mean. 



points seems to be systematic rather than random. The nature of the dis- 
crepancy is such that it could be explained on the assumption that the airways 
offer relatively less resistance at the higher rates of flow. It may be that there 
is a mechanism whereby some parts of the respiratory tract become more 
dilated as the flow rate (or the pressure) increases. The glottis, for example, 
is capable of considerable variation in its aperture, and it is known to change 
rhythmically with the breathing cycle. 

Comparison of Different Barometric Pressures. Measurements were made 
on 3 subjects at ground level and at the simulated altitudes of 18,000 and 
36,000 feet. Figure 3 shows the results obtained at ground level and at 36,000 
feet on one subject (the same subject is represented in fig. r). The curves 
drawn on this graph were fitted according to the theory that the value for K2 
at 36,000 feet should be a little less than one-fourth that at ground level 
(ratio of the relative densities at the two altitudes). 
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The data from each of the 3 subjects at each of the three barometric 
pressures were grouped into class intervals according to velocity of flow, each 



Fig. 3. Relationship be- 
tween RATE OF FLOW and al- 
veoli-mouth pressure gradient 
obtained for the same subject 
represented in figure i, breath- 
ing 0’ at ground level (open 
circles) and at 36,000 feet (solid 
circles). 
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terval. The means from similar class intervals for the three subjects were 
averaged and the resulting grand means were plotted in figure 4. The curves 
in this figure were drawn according to the theory described above and seem 
to give an approximate fit, but show a deviation similar to that observed in 
the comparison between helium-ox3"gen and air. 

COMMENT 

It would be interesting to make similar measurements at pressures greater 
than atmospheric, but facilities for these were not readily available to us. 
However, by extrapolating the present data one can perhaps get a reasonable 
estimate of the alveolar pressures required under such conditions. For example, 
our average subject (fig. 2) developed an alveolar pressure of 2.75 cm. H2O in 
moAung air at i liter/second at ground level. At an environmental pressure of 
4 atmospheres, as in diving, calculation shows that 6.05 cm. H2O would be 
required for this rate of flow (r.65 + (4 X i.i))- Breathing at 2 liters/sec. 
would require 7.7 cm. H2O at ground level, but 20.9 cm. H2O at 4 atmospheres 
(2 X 1.65 + 4 X I.I X 2^). 

Dr. Kenneth Donald (personal communication) states that at a pressure 
of 8 atmospheres the turbulence is so great that one can actually feel eddy 
currents in the air as it flows through the mouth. At this barometric pressure 
the gradient required to respire at a rate of 2 liters/second would be 38.5 cm. 
H2O according to our extrapolation. On the other hand, breathing at this 
velocity at an altitude of 46,000 feet would require only about 4 cm. H2O. 

In making the theoretical calculations in this paper we have assumed 
that helium-oxygen has the same viscosity as air (actually the viscosity of 
helium is about 10 per cent greater than that of nitrogen). The effect of carbon 
dioxide and water vapor on the viscosity and density of the respired gas has 
also been neglected. We feel that the error in these approximations is less than 
that in the actual measurements of the alveolar pressures and rates of flow. 

SUMMARY 

The alveolar pressures required to produce various velocities of respira- 
toiy gas flow have been measured in 20 human subjects breathing j) air and 
2) 80 per cent helium-20 per cent oxygen. In 3 subjects a similar comparison 
has been made between air breathing at ground level and at simulated alti- 
tudes of 18,000 and 36,000 feet. Less alveolar pressure is required to produce 
a given velocity of flow when a person breathes 80 per cent helium-20 per cent 
oxygen at ground level or air at altitude than when he breathes air at ground 
level. Theoretical treatment of the data indicates that this effect is due to a 
decreased turbulence in the less dense gases. The data also suggest that some 
parts of the respiratory tract may dilate when one breathes at high velocities. 
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Measiirement of Saturation Time and Saturation Tension 
with Millikan Oximeter, in Subjects with 
Normal Puhnonary Function 


JOHN C. HOOGLAS? and O, G. EDHOLM. Frm iht University of 
Western Ontario Medical School and the Beck Memorial Sanatorium, 
London, Ontario 


1 - TT-F. OXYGEN SATUKATiON of the mixed arterial blood (i.e., blood in the 
left heart and systemic arteries, in which fractions of blood from all portions 
of the lung are pooled and have come into equilibrium with each other) may 
be considered to reflect the state of pulmonary function. Adequate pulmonary 
function — the satisfactory performance of external respiration — depends on 
two main factors, ventilation and diffusion. The efficiency of ventilation of 
individual alveoli probably varies considerably even in the normal lung. Paul 
and Ferguson (i) have used the term ‘alveolar inhomogeneity’ to describe the 
variation in gas tensions in different areas of the lung, whereas Lilienthal et 
al. (2) employ the phrase ‘varying distribution’ to describe essentially the same 
phenomenon. The consequence of this inhomogeneity will be that blood from 
different areas of lung will have varying degrees of oxygen saturation. The 
efficiency of gas exchange toU also be affected by the ease with which diffusion 
is accomplished across the tissue-fluid barrier separating alveolar contents and 
the hemoglobin of the red cell (2). An increase in the resistance offered by this 
barrier will result in a greater drop in pOi from alveolus to capillary and a 
lesser degree of oxygen saturation of arterial blood. 

The development in recent years of instruments such as the Millikan 
oximeter (3) has made it possible to observe the arterial oxygen saturation 
continuously. In this paper, the changes in arterial oxygen saturation found 
mth variations in the inspired oxygen tension are reported, as recorded by the 
oximeter. In particular, determinations have been made of the oxygen tension 
of the inspired air required to saturate the mixed arterial blood 99.5 per cent 
and of the time required to reach full saturation when breathing pure oxygen. 

METHODS 

Blood Gas Analysis. Blood samples were analyzed using the Van Slyke- 
Neill manometric apparatus. Samples were collected by the method of Gold- 
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schmidt and Light (4), drawing venous blood anaerobically from a dorsal vein 
of the hand, after immersion of the hand to the wrist in water at 4-;°-47°C 
for 10 minutes. 

Determinations of oxygen capacity were made by equilibrating a sample 
of blood in a rotating flask with fifty times its volume of room air. The results 
were multiplied by 0.98, as Roughton et al. (5) have shown that various errors 
in the method of equilibration give a value for capacity approximately 2 per 
cent too high. Corrections for dissolved oxygen were made using the nomogram 
of Sendroy et al. (6). 

From the oxygen content of samples of arterialized-venous blood, drawn 
while the subject breathed pure oxygen, a correction of 1.96 volumes per cent 
was subtracted for oxygen dissolved in whole blood. Recently' Wood (7) has 
suggested that this correction should be 1.83 volumes per cent. The correction 
used was based on an alveolar pOt of 657 mm. Hg, an alveolar-arterial pO^ 
gradient of ii mm. Hg (8), and a coefficient of solubility for oxygen in whole 
blood of 0.023 (6). For example: 

(Alveolar PO2 on roo% O2) — (Alveolar-Arterial pOi Gradient) = Arterial ;^02 
657 mm. Hg — II mm. Hg = 646 nun. Hg 

Oxygen dissolved in whole blood = X 0.023 = 1.96 voL % 

760 mm. Hg 

If the corrected value for oxygen content equalled the corrected value for 
oxygen capacity, the sample of blood was considered to be saturated com- 
pletely. 

Measurement of Arterial Oxygen Saturatioji on Ambient Air. The Millikan 
oximeter (single channel compensated oximeter, C.M.R. Model 13) (3) was 
used to measure arterial oxygen saturation on ambient air. The oximeter has 
no absolute accuracy, but measures variations in saturation from some pre-set 
value. The subject breathed 100 per cent oxygen for ten minutes and a sample 
of arterialized-venous blood was collected at the end of this time. If analysis 
showed that the blood was completely saturated, then the oximeter could 
subsequently be set at 100 per cent saturation when the subject breathed pure 
oxygen. 

Determinations of arterial oxygen saturation with the subject breat mg 
air were made by setting the oximeter at 100 per cent saturation after 10 
minutes of pure oxygen breathing, and then noting the oximeter reading vat 
the subject breathing air, after the reading had fallen to a new steady leve 

Determination of Alveolar Oxygen Concentration Required to Produce pp- 
Per Cent Saturation {Saturation Tension). For this measurement, the oxime er 
was used as a null instrument to indicate arrival at and departure from coim 
plete saturation. The subject was semi-recumbent on a couch wit a rais 
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back-rest, the legs making an angle of 110° with the trunk. Two measurements 
were taken — ‘ascending’ and ‘descending’ — on subjects previously proven to 
attain complete arterial oxygen saturation on pure oxygen by blood gas 
analysis. 

Descending Measurement. After the subject had breathed 100 per cent 
oxj'^gen for 10 minutes from a nine-liter Collins’ spirometer in a closed re- 
breathing circuit equipped with a blower and a COz absorber, with several 
washouts of the system with oxygen, the oximeter was set at 100 per cent 
saturation. Then approximately 4 liters of nitrogen were added to the spirom- 
eter and the subject continued to rebreathe the mixture, absorbing oxygen and 
thus gradually reducing the oxygen concentration of the mixture, until the 
arterial saturation, as indicated by the oximeter, fell to 99.0 per cent. When 
this occurred, samples of alveolar air (Haldane-Priestley method) and of the 
inspired gas mixture were taken for analysis in the Haldane-Henderson appara- 
tus. 

Ascending Measurement. The subject began rebreathing from the spirom- 
eter system now filled with air, arterial saturation by oximeter falling to about 
96 per cent. Oxygen was then added to the system at the rate of 150 cc. per 
minute in excess of absorption, amounting to an increase of approximately i 
per cent per minute in the oxygen concentration of the chest-spirometer sys- 
tem. Readings of saturation were taken at one-minute intervals until there 
had been no further increase in saturation on four successive readings. Then 
samples of alveolar and inspired air were again taken for analysis. 

Determination of ‘Saturation Timed Using the oximeter as an indicator of 
arterial oxygen saturation, the time required to reach complete saturation, 
when the subject changed from breathing air to pure oxygen, was determined. 
The change from breathing ambient air to oxygen was accomplished by placing 
an R.C.A.F. type Cs oxygen mask, connected through a demand valve to a 
tank of oxygen. Timing was begun with the first ‘hiss’ of the demand valve, 
which marked the first inspiration of pure oxygen. The dead space of the 
tubing and the mask had previously been washed out with oxygen. 

The method described by Fowler and Comroe (9) was used and saturation 
was noted from the oximeter at 5-second intervals up to 75 seconds, and then 
at is-second intervals until no further rise had occurred for at least one minute. 
Using this final value of the oximeter reading as 100 per cent saturation, the 
time which had been required to reach 99.5 per cent saturation was calculated 
and this was taken as the saturation time. 

Since saturation plotted against time appeared to increase in an ex- 
ponential type of curve when the subject changed from breathing ambient air 
to oxygen, after an initial delay, it was considered that the slope or half-time 
of a straight line obtained by plotting saturation against time on semi-loga- 
rithmic paper might give a better expression of the rate of saturation increase. 
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It was found that, after the initial pause, the increase in saturation plotted 
against time on semi-logarithmic paper was approximately linear up to og.c 
per cent saturation, when it usually fell away to the right. The best line was 
drawn through the straightest part of this curve, and the half-time of this line 
was determined. 


Table i. Arterial oxygen saturation in forty-six subjects ivith normal pulmonary 

FUNCTION, BREATHING 100 PER CENT OXYGEN 


CASE 

HO. 

Oj CONTENT 
ON 100% 0> 

Ol CAPACITY 

OXVGEK 

SATURATION 

CASE 

HO. 

Ol CONTENT 
ON 100% Oj 

O 2 CAPACITY 

OXYGEN 

SATURATION 


VOl .%1 

tioL%* 

% 



vol.%* 

% 

I 

19.80 

19.70 

100. 5 

24 

19.88 

19.47 

102.0 

2 

20.00 

20.00 

100.0 

25 

20.10 

19.83 

101.3 

3 

20.34 

20.19 

100.8 

26 

20.85 

21.08 

98.9 

4 

21.52 

21.51 

100.0 

27 

20.02 

20.35 

98.4 

5 

20.80 

20.93 

99.4 

28 

20. 28 

20.27 

100.0 

6 

21.23 

21.20 

100.2 

29 

20.31 

20.14 

100.8 

7 

20.79 

20.66 

100. 5 

30 

18.58 

18.76 

99.0 

8 

21. go 

21.95 

99-7 

31 

20.59 

20.80 

98.9 

9 

19. gr 

19.98 

99.6 

32 

19.90 

19.83 

100.4 

10 

20.59 

20.47 

100.5 

33 

19.44 

19.28 

100.8 

II 

21.42 

21.30 

100.5 

34 

19.83 

19.93 

99.5 

12 

20.79 

20.87 

99.6 

35 

20.41 

20.38 

100. 1 

13 

20.57 

20.55 

100.0 

36 

19.81 

19.87 

99.7 

14 

20.46 

20.38 

100.4 

37 

21.35 

20.83 

102. 5 

15 

22.25 

22.19 

100.3 

38 

22.47 

22.88 

98.2 

16 

18.05 

18.39 

98.5 

39 

17.74 

17.81 

99.6 

17 

18.22 

18.20 

100. 1 

40 

20.01 

19.93 

100.4 

18 

19.02 

18.80 

lOI.I 

41 

18.68 

18.86 

99.0 

19 

20.90 

21.05 

99-3 

42 

21.80 

21.56 

101. 1 

20 

21.99 

21.75 

101.3 

43 

21.66 

21.60 

100.3 

21 

16.72 

16.75 

99.6 

44 

17.93 

17.98 

99.7 

22 

20.37 

20.15 

101.3 

45 

22.34 

22.30 

100.2 

23 

19.76 

20.05 

98.6 

46 

19.85 

19.81 

100.2 


Mean arterial oxygen saturation: loo.i zk 0.7% Range: 98.2-102.5%. 

^ Corrected for dissolved oxygen by subtracting 1.96 vol. %. 

• Corrected by subtracting dissolved oxygen calculated by using the nomogram of Sendroy 
et al. and multiplying the result by o.g8 for equilibration errors. 

MATERIAL 

Forty-six subjects without pulmonary disease were examined, ranging in 
age from 22 to 71 years. AU but two of these were males. The assumption that 
their pulmonary function was normal was based on history, physical examina 
tion, chest x-ray and response to exercise. 

RESULTS 

Arterial Oxygen Salnration on 100 Per Cent Oxygen. Using the method of 
calculation outlined above, the mean oxygen saturation of 46 normal su jec s 
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breathing 100 per cent oxygen was found to be 100.1 ±0.7 per cent, with a 
range of from 98.2 to 102.5 per cent (arterialized-venous blood) (table i). 

Measurement of Arterial Oxygen Saturation Breathing Air (Oximeter). In 
46 normal subjects, the mean value for saturation when breathing air was 
96.2 db 0.2 per cent, as measured by the oximeter. Values ranged from 93.5 
to 97.5 per cent (fig. i). 

Measurement of Saturation Tension. The results of this measurement in 
39 normale subjets, ranging in age from 22 to 39 years, are summarized in 



Fig. I. DiSTSiBxrnon or arterial oxygen saturation values obtained by oximeter in 46 
normal subjects breathing air. 

table 2, which shows the 'ascending’ and 'descending’ alveolar and inspired 
(spirometer) ^Oa’s required to produce 100 per cent and 99 per cent oxygen 
saturation of the arterial blood as measured by the oximeter. Owing to errors 
in measurement, it is probable that both measurements overshoot the true 
value, so the mean of the ascending and descending measurements has been 
taken as the significant value, and has been arbitrarily considered to represent 
99.5 per cent saturation. The mean alveolar pOa required to produce 99.5 per 
cent saturation is 212.9 7.7 mm. Hg, and the mean spirometer ^02 261.3 

± 8,9 mm. Hg, or approximately 35 per cent oxygen. 
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Age may affect these measurements. Table 3 shows the increase in satura- 
tion tension found in the small number of normal subjects 40 years of age or 
older examined. No significant difference in saturation tension was found be- 
tween the group 29 years of age or younger and the group between 30 and w 
years inclusive. 

Measurement of Saturation Time. In 46 normal subjects the mean satura- 
tion time, measured to 99*5 cent saturation, was 58.4 ± 6.1 seconds, with 
a range of from 42 to 71 seconds. The mean saturation half-time in the same 
subjects equalled 17.3 ± 1.6 seconds, with a range of from 13 to 20 seconds. 
No increase in saturation time was found in the subjects 40 years of age or 
older. The increase of saturation plotted against time on semi-logarithmic 

Table 2. Saturation tension in thirty-nine normal subjects ranging in age ikom tweniy- 


TWO to thirty-nine years 


MEASUREMENT 

SPIROMETER pOt 
mm . Ilg 

AEVEOLAR pOi 
mm . Hg 

Mean 

S.D. 

S.E.M. 

Range 

Mean 

S.D. 

S.E.M. 

Range 

Decending 

239.6 

II -3 

1.8 

211-260 

189.9 

9.6 

1.6 


Ascending 

282.4 

9.6 

i-S 

259-305 

231.7 

9.1 

1-5 


Mean 

261.3 

8.9 

1.4 

240-282 

212.9 

7-7 

1.2 

0^9 


Average age: 28 yrs. 


Table 3. Saturation tension in eorty-sk normal subjects, subdivided according to age 


AGE 20-29 30-39 40-71 

No. of cases 30 9 7 

Mean spirometer pOs 260.7 263.3 290.0 

Mean alveolar pOi 211.8 216.6 24 S-o 


paper is shown in figure 2. No significant correlation was found between 
saturation tension and saturation half-time (r = -|-o.o6 ± 0.16) or between 
saturation tension and saturation time measured to 99.5 per cent saturation 
(7- = -I-0.14 ± 0.20) in the same subject. However, a significant correlation 
did exist between measurements of saturation time by the two methods, the 
coefficient of correlation being +0.63 ± 0.18. 


DISCUSSION 

The accuracy of the MiUikan oximeter in the measurenient of artenal 
oxygen saturation has been criticized. Millikan’s estimate of its accura(^ 
high saturation ranges was ±5 per cent saturation (3). Sleator et al. (10) ave 
suggested that the capillary blood passing in front of the photo-cells 0 e 
oximeter earpiece may not be completely ‘arterialized,’ and may contain venou 
components draining from unheated portions of the ear. Hemngway an 

Taylor (ii) have pointed out that absolute agreement between oximeter sa 
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tion values and tliose obtained by blood gas analysis with the Van Slyke-Neil 
apparatus is impossible due to the inherent errors of each instrument. Geraci 
ct al. have carried out e.vtensive calibrations of individual Millikan earpieces 
vdth the revelation of considerable discrepancies (12). In the present work, the 
oximeter has been used as a reading instrument only for the determination of 
saturation on ambient air, and the average value obtained (96.2%) has been 
in close agreement vdth that found by others using the oximeter (13), although 



Fig. 2. Rate or increase in arterial oxygen saturation measured by oximeter in a normal 
subject, after commencement of pure oxygen breathing (plotted on semi-logarithmic paper). 

values obtained for saturation on air recently by other methods have been 
higher (5, 7) 

In the measurement of both saturation tension and saturation time, the 
point read was one relatively unaffected by the errors of the instrument. 
Saturation tension was measured by using the instrument essentially as a null 
instrument to indicate arrival at, or departure from, a known point, i.e. with 
the subject breathing 100 per cent oxygen, the oximeter had been set at 100 
per cent saturation. In the case of saturation time, the oximeter was used to 
measure the rate of rise to maximum saturation, regardless of the final scale 
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reading. It is believed that the shortcomings of the oximeter were minimized 
by its use in this manner. These measurements (saturation tension and satura 
tion time) vary only slightly from one individual to another in the case of 
normal subjects, as shown by the small standard deviation. 

Fowler and Comroe (9) have pointed out that the oximeter saturation 
reading will show a further slight rise if the oxygen concentration in the in- 
spired air is increased beyond 40 per cent. We have been able to reproduce these 
results. This finding may seem to cast doubt on the validity of our ‘ascending’ 
measurement of saturation tension, but as previously noted the end-point used 
was chosen for convenience in reading and was consistent in the same subject. 

The increase in oxygen concentration inspired over that of air (to ap- 
proximately 35%) required to produce 99.5 per cent saturatioii as shown by 
the oximeter may seem surprisingly great, since arterial blood is almost com- 
pletely saturated when a normal subject is breathing air. No dissociation curve 
for oxygen under in vivo conditions has yet been constructed beyond a satura- 
tion of 98 per cent. The oxygen dissociation curve constructed by Riley et al. 
(14) indicates a saturation of 98 per cent at a pO^ of 113 mm. Hg with a pR 
of 7.4 and a temperature of 37°C. Our work indicates that a pOi of approxi- 
mately 200 mm. Hg in arterial blood is required to raise saturation to 99,5 per 
cent. However, in addition to blood which has perfused ideally ventilated 
alveoli, there are components from less well-ventilated alveoli, and finally 
elements of frank venous blood (from bronchial veins, thebesian vessels, etc.) 
are added which must be saturated by an excess of plasma dissolved oxygen 
from blood in contact with well-ventilated alveoli. With the hemoglobin fully 
saturated, a great increase in pOi is required to effect a slight increase in the 
quantity of oxygen carried per cubic centimeter of whole blood, for any gain 
will be in dissolved oxygen of necessity, and the coefificient of solubility for 
oxygen in whole blood is low. Thus a small amount of venous blood may be 
expected to cause a disproportionately large increase in the inspired oxygen ] 
concentration required for ‘complete’ (99.5%) saturation of mixed arterial , 


blood. 

The measurements of the time required to reach 100 per cent minus 0.5 
per cent saturation (saturation time) are not significantly different from those 
obtained by Fowler and Comroe (9). As these authors have pointed out, a 
large part of the approximately 60 seconds involved remains unexplained, since 
a few breaths of pure oxygen should raise the alveolar pOz to levels of at least 
240 mm. Hg, and lung-to-ear circulation time amounts to only a few secon s. 
Here again venous admixture, both in the mixed arterial blood and per aps 
also in the ‘arterialized’ capillary blood in front of the photocells, may 
for the discrepancy (10). Moreover, Burton (15) has pointed out that e 
equilibrium between streams of blood derived from segments of lung wi 
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different oxj^gen tensions is slowly accomplished when these fractions are 
pooled in the systemic circulation, due to the slow rate of diffusion of oxygen 
in liquids. However, the measurement of Saturation Tension has also been 
reproducible within significant limits in normal subjects. 

Considering the interpretation of the two measurements, saturation ten- 
•sion may be e.xpected to be sensitive to venous additions to the mixed arterial 
blood from any cause — underventilation of alveoli or circulation of blood 
through portions of lung with an increased resistance to diffusion between the 
alveolar gas and capillary blood. Saturation time, on the other hand, would 
be influenced by all the factors affecting the mixed arterial saturation, in- 
cluding those mentioned above. It is probably chiefly influenced by the effi- 
ciency of intrapulmonary mixing of gases. The lack of significant correlation 
(r = -f-0.14 ± 0.20) between measurements of saturation time and saturation 
tension . in normal subjects suggests that the factors influencing these two 
measurements are either not the same or, more probably, are weighted differ- 
ently. 


SUMMARY AND CONCLUSIONS 

Sat'.;»tion time and saturation tension are two simple measurements of 
the subject’s behavior with regard to mixed arterial oxygen saturation under 
varying conditions of inspired oxygen concentration. In 46 subjects free from 
perceptible pulmonary damage, and ranging in age from 22 to 71 years, the 
results obtained for these measurements were significantly consistent and there 
is evidence that saturation tension increases with advancing age. 

The oxygen saturation of the mixed arterial blood may be considered to 
reflect the state of pulmonary function, when considered under varying con- 
ditions ofTnspired oxygen concentration. Using the Millikan Oximeter as an 
indicator of arterial oxygen saturation, a study has been made of the increase 
in fOz of the inspired gas mixture required to raise saturation to a given level 
(e.g., 99.5%) from its level of 95 to 97 per cent when the subject breathes room 
air. In normal subjects, an alveolar oxygen tension of 212.9 7.7 mm. Hg 

produces 99.5 per cent saturation. This corresponds to an average inspired pOt 
of 261.3 =fc fl-9 nam- Hgi or approximately 35 per cent oxygen. (These figures 
represent the mean of the ‘ascending’ and ‘descending’ measurements.) The 
time required to reach complete saturation when the subject changes from 
breathing room air to pure oxygen has also been determined. This, expressed 
as time to maximum saturation minus 0.5 per cent, has been found to equal 
58.4 ±6.1 seconds in a series of normal subjects. Expressed as half-time, it 
has been found to equal 17.3 ± 1.6 seconds. 

We wish to acknowledge the valuable suggestions and criticism of Dr. A. C. Burton. 
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T 

JLhe rOTRiNSic CONTROL of the cerebral circulation has been the subject 
of study chiefly in the e.xperimental animal, generally under the influence of 
anesthesia. These studies, further, have usually been hampered by the lack of 
quantitative methods for the measurement of the cerebral blood flow. These 
investigations have demonstrated a neurogenic mechanism for cerebral vaso- 
constriction and vasodilatation. The neurogenic control, however, is generally 
considered to be heavily outweighed by a chemical control chiefly expressed 
by a tonic dilatation of vessels with an intrinsically high tone (i). 

The introduction by Kety and Schmidt (2) of a quantitative method 
for study of the cerebral blood flow, applicable to humans in the unanes- 
thetized state, offered us the opportum'ty of studying the intrinsic control 
of the cerebral circulation, eliminating the problem of species differences and 
permitting a quantitative correlation of the various physiologic factors in- 
volved. It was felt that the study of the cerebral circulation with change of 
position from the horizontal might elicit normal homeostatic mechanisms as 
well as offer practical conclusions as to the therapeutic utility of these positions. 

METHODS 

The cerebral blood flow was determined by the nitrous oxide method of 
Kety (2). The subjects were of two types. The first group was made up of 
psychoneurotic individuals or patients with mild idiopathic epilepsy, none of 
whom had evidence of physiological changes on physical examination and 
after a thorough neurological study. This group, it was felt, with certain reserva- 
tions, would reflect the physiological reactions of normal individuals to change 
of position. The second group of patients studied had increased intracranial 
pressure, the result of brain tumor. Both groups were studied in an identical 
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manner. A resting cerebral blood flow was obtained with the patient in the 
horizontal, supine position. Five minutes after the end of the first (or control) 
cerebral blood flow study, the patients were tilted 20°, some head up and some 
head down. After being in a tilted position for 10 minutes a second blood 
flow study was done. The 20° tilt position was selected since this was about the 
height to which patients are raised in bed post-opera tively in many neuro- 
surgical clinics. 

The mean arterial pressure was obtained directly from the femoral artery 
by means of a damped mercurial manometer. The mean blood pressure in the 
carotid vessels with the patient tilted was estimated by appropriate correction 
of the femoral blood pressure. The correction was derived from the distance 
between the carotid bifurcation and the needle in the femoral vessel multiplied 
by the sine of the angle of tilt. 

The cerebrospinal fluid pressure was measured with the patient horizontal 
and on his side using a water manometer attached to a needle inserted into 
the lumbar subarachnoid space. The intracranial cerebrospinal fluid pressure 
in the tilted position was calculated in the normal series by an appropriate 
correction derived from the distance between the occiput and the needle in 
the lumbar sac multiplied by the sine of the angle of tilt. This was not done in 
each of the experiments reported here. However, we have measured the lumbar 
spinal fluid pressure in the 20° tilted position both up and down in a series of 
10 relatively normal patients. Calculating the intracranial pressure from this 
data as suggested by Kunkle, Ray and WolflF (3) only small deviations from 
the mean change of 142 mm. H2O to be subtracted from the prone lumbar sac 
pressure in the 20° head-up position and 153 mm. H2O to be added in the 20 
head-down position were found. This average change was added to, or sub- 
tracted from, the prone lumbar spinal fluid pressure of the patients in this 
series to approximate the intracranial pressure in the 20° head-up or head- 
down position. The spinal fluid pressure was also measured in the tilted position 
in a group of patients with increased intracranial pressure due to brain tumor. 
The deviations from the average, however, were so large and inconsistent that 
it was not felt to be justifiable to draw any conclusions with regard to the 
intracranial pressure in the tilted position in the series of increased intracrania 

pressure patients reported in this paper. _ 

Blood O2 and CO2 analyses were made by the manometric technique ot 
Van Slyke and Neill (4). Blood measurements were made anerobicaUy a 
37° C. using a glass electrode. The CO2 tension was calculated by means 0 

nomograms of Peters and Van Slyke. . • u i no- 

Cerebral oxygen consumption was calculated by multiplying t e ar e 
venous oxygen difference by the cerebral blood flow and the cerebrov 
resistance (CVR) was determined by dividing the mean arterial blood pre 
by the cerebral blood flow (2). While a true value for cerebrovascular res 
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would require the gradient of pressure across the brain obtained by subtracting 
the internal jugular pressure from the carotid pressure, we have found the 
changes in jugular pressure with a 20° tilt to be only in the range of i to 2 nun. 
Hg. This change would not influence the relative values for cerebrovascular 
resistance and in the majority of the experiments only the mean carotid 
pressure has been utilized in calculating the cerebrovascular resistance. 

RESULTS 

Tables i and 2 summarize the entire data. No significant change of the 
cerebral blood flow was recorded in a group of 5 physiologically normal indi- 
viduals when tilted head up 20° from the horizontal. There was, of course, a 
significant lowering of the mean carotid pressure, from an average of 88 to 73 
mm. Hg (a 17% decrease) and a lowering of the intracranial cerebrospinal 
fluid pressure from 133 mm. of water to —9 mm. The maintenance of the 
cerebral blood flow in the face of this drop in pressure was explained by a fall 
in the cerebrovascular resistance (averaging 18%). A significant rise in venous 
CO2 tension was also recorded. There was no real change in the cerebral 
oxygen consumption or in the arteriovenous oxygen difiierence. 

In a group of 6 patients with brain tumor, 5 had increased intracranial 
pressure and one had no increase in pressure but was semicomatose. These 
patients when tilted head up 20° had a distinct fall (30%) in C.B.F., from an 
average of 51 to 36 cc/ioog/min. There was no change, however, in the cerebral 
oxygen consumption despite the marked change in the arteriovenous oxygen 
difference (from a mean of 5.6 to 7.0 vol. %). The mean carotid pressure 
dropped from an average of 92 to 86 mm. Hg and the cerebrovascular resistance 
increased by 25 per cent. The fall in carotid blood pressure averaged only 6 
per cent as compared with 17 per cent in the more normal group when tilted 
head up. There were no changes in any of the blood gas values. 

Four probably neurotic but otherwise physiologically normal individu- 
als were tilted head down 20° from the horizontal. There was a consistent fall in 
C.B.F. from an average of 61 to 52 cc/ioog/min. (14%). This was accompanied 
by a decrease in cerebral oxygen consumption averaging 18 per cent. There 
was no consistent change in arteriovenous oxygen difference in this group. The 
mean carotid pressure increased significantly with this maneuver, averaging 
10 per cent and the calculated intracranial cerebrospinal fluid pressure in- 
creased on the average from 137 mm. of water to 290 mm. This was accom- 
panied by an increase in cerebrovascular resistance averaging 24 per cent, well 
explaining the fall in cerebral blood flow in the head-down position. A signifi- 
cant change also recorded was a fall in venous carbon dioxide content averaging 
1.3 volumes per cent. A consistent faU in the arterial oxygen content averaging 
0.6 volume per cent was found, but in this group alone it was not statistically 
significant. However, when utilizing the entire series of patients tilted head 
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C.B.F.O2 = Cerebral blood flow. CMRO2 = Cerebral metabolic rate (o.xj'gen consumptionl. C.V.R. = Cerebrovascular resistance. 
I.C.P. = Mean carotid pressure. C.F.P. = Calculated intracranial cerebrospinal fluid pressure. 

* Denotes a significant change. 
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down a significant decrease (averaging again 0.6 vol. %) in the arterial oxvcen 
content did exist. 

Four patients with brain tumor, all having increased intracranial pressure 
were tilted head down 20° from the horizontal. In this group the carotid 
arterial pressure did not change significantly though a consistent average rise 
in pressure of 8 per cent (103 to in mm. Hg) did occur. There was no real 
change in cerebral blood flow in this group with this maneuver, and the cere- 
brovascular resistance did not change significantly though tending to increase 
in each experiment. The cerebral oxygen consumption decreased an average 
of 17 per cent in the head-down position but it was not of statistical significance 
in this group of brain tumor patients considered alone. When considering all 
experiments (8) using the head-down maneuver, a statistically significant fall 
in CMRo. was produced (averaging 17%). In the group of relatively normal 
individuals the faU in CMR02 was accounted for by the reduced cerebral blood 
flow, but in the group of brain tumor patients tilted head down the fall in 
CMR02 is the result of the lowering of the arteriovenous oj^gen difference, 
(averaging 1.4 vol. % or 16%). This lowering of the arteriovenous oxygen 
difference in turn is due to the consistent fall in arterial oxygen content (averag- 
ing 0.6 vol. %) and consistent rise in venous oxygen content (averaging 0.9 
vol. %). None of the other blood gas analyses show^ed a change of importance. 

There were no important changes in either venous or arterial pE in any 
of the various series of patients studied, neither after tilting the patients 
head up nor after tilting them head down. 

DISCUSSION 

In the more normal patients tilting the head up 20° resulted in a fall in 
mean carotid blood pressure and also a faU in cerebrovascular resistance with 
the resultant maintenance of the cerebral blood flow. Tilting the normal indi- 
vidual head down 20° increased the mean carotid blood pressure but caused the 
cerebrovascular resistance to increase even more markedly so that there is a 
sh'ght but significant decrease (14%) of cerebral blood flow. This latter reduc- 
tion of cerebral blood flow could possibly be due to increase in contamination 
of the jugular bulb blood with venous blood of extracerebral origin. In the 
supine position we have previously shown this to be minimal (5) but with 
change of position, quite conceivably the contamination could increase an 
thereby give a lower value for cerebral blood flow and explain as well the drop 
in cerebral metabolic rate in the head-down position. However, the ° 
the nitrous oxide curves obtained from patients in the tilted position 1 not 
suggest any increased contamination of the cerebral venous blood obtaine 

from the jugular bulb. , 1 ui Unw 

It is therefore probable that the maintenance of the cerebral bio 

at a steady rate despite the altered head of pressure in the carotid vesse s, 
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occasioned by change of position, is accomplished by an appropriate alteration 
in the cerebrovascular resistance. 

In searching for the mechanism of this change in cerebrovascular re- 
sistance and in view of the known relationship between altered CO2 tension 
and cerebrovascular resistance (6) a most striking finding was the consistent 
increase in the CO2 content of the jugular blood in the head-up position and 
consistent decrease in the head-down position. The apparent validity of this 
relationship is borne out by the fact that no real change occurred in the jugular 
CO2 content in patients with brain tumor tilted either up or down and no 
related changes in the cerebrovascular resistance occurred in these same 
patients. However, there was no correlation (r = 0.0) whatsoever between 
changes in venous CO2 content and the cerebrovascular resistance. 

Another possible explanation for the alteration of cerebrovascular re- 
sistance with change of position is the assumption of a nervous control of the 
cerebral circulation. With this hypothesis the changes of pressure in the carotid 
vessels serve as the stimuli for alteration of the cerebrovascular resistance. 
In the head-up position a fall in carotid 
pressure in normal individuals reflexly 
causes a relaxation of cerebral vessels (de- 
creased cerebrovascular resistance) and 
since this is a practiced maneuver in the 
human, the adjustment is precise. How- 
ever, the head-down maneuver in normals 
causes an over-shooting of the mark and 
the cerebrovascular resistance is increased 
to the point of actually decreasing the 
cerebral blood flow. However, only a fair 
correlation (r = 0.52) was found between 
the carotid blood pressure and the cerebro- 
vascular resistance in the normal group 
(fig. i) and a poorer correlation (r = 0.37) 
existed between these same factors when 
the tiunor patients were included (fig. 2). 

Nevertheless, the assximption that the 
carotid pressure and a neurogenic reflex is 
normally the controlling factor in altering 
the CVR may explain the observations in 
the tumor group of patients. Tumor pa- 
tients when tilted head up suffered a lesser fall in carotid blood pressure, the cer- 
ebrovascular resistance increased and the cerebral blood flow decreased (30%). 
The failure of the cerebral resistance to decrease may be explained either by 
the fact that carotid pressure fell to a lesser extent that in normals (6% was 


Trim H3 



Cerebrovascular Resistance 

/ MM He \ 

^ CC /lOOOM /MIN / 

Fig. I. Relationship between cere- 
brovascular resistance and calculated 
carotid pressure in a series of normal 
individuals before and after a 20° tilt 
either head up or head down. 
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opposed to 17%) and thus was no adequate stimulus for relaxation of vessels 
or because the reflex controlling this mechanism was depressed by the patho- 
logic process and/or increased intracranial pressure. Tilting the brain tumor 
patients head down caused an increase in the carotid pressure of 8 per cent 
and a slight increase in cerebrovascular resistance (5%). The latter change 
was sufficient to maintain the cerebral blood flow at control values. 

The relationship shown in figure 3 reveals the best explanation for the 
alterations noted in cerebrovascular resistance with change of position. This 

smm.Hg 



Cerebrovascular Resistance ( cc /'io’oeM/I^N. ) 

Fig. 2. Relationship between cerebrovascular resistance and carotid blood pressure in i 
series of normal individuals and patients with brain tumor before and after a 20° tilt either hea( 
up or head down. 

high degree of correlation (r = 0.72) would appear to indicate that the change 
in intracranial cerebrospinal fluid pressure with the change of position is the 
determining factor in altering the cerebrovascular resistance so as to offset the 
changes in pressure-head and thus maintain the constancy of the cerebral 
blood flow. This close relationship of the cerebrovascular resistance with the 
cerebrospinal fluid pressure has been previously demonstrated (7), the increase 
in cerebrospinal fluid pressure in patients with brain tumor being associate 
with a corresponding increase in cerebrovascular resistance. The failure 0 
brain tumor patients to adjust as adequately to change of position as do nw 
mal individuals may result from incomplete communication between all p 3 ^ 
of the cerebrospinal fluid pathways and the failure of normal changes m m 
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tracranial pressure to occur v.-hen the pa- 
tient is tilted. Herniations through the in- 
cisura tentorii and/or the foramen mag- 
num in patients udth brain tumors, may 
well partially obstruct the passage of the 
cerebrospinal fluid at these points. Indeed, 
measuring the pressure in the lumbar sub- 
arachnoid sac in patients udth increased 
intracranial pressure due to brain tumor, 
tilted head up or down, gave highl}’- in- 
consistent results, a finding which de- 
%dated markedly from similar obser\'ation 
in normal indhnduals. 

With regard to the treatment of brain 
tumor patients, particularlj- in the post- 
operative state, it appears that the head-up 
position is deleterious, insofar as it distinctly reduces the cerebral blood flow. 
It has been suggested by some neurosurgeons that a head-up position post- 
operatively improved drainage from the head and, therefore, is an aid in treat- 
ment, particularly of the associated cerebral edema. Occasionally, it appears 
desirable to lower the head of the unconscious patient, as is frequently the 
situation with post-operative brain tumor cases, to aid in drainage of the 
upper respiratory tract or to prevent aspiration of gastric contents or secre- 
tions. Our results do not offer any objection to this practice. 

SUir&IARY 

The cerebral circulation and metabolism in unanesthetized humans was 
studied in the supine position and after tilting either head up or head down 
20°. In physiologically normal individuals tilting head up 20° does not change 
the cerebral blood flow, it being maintained in the face of a fall in carotid 
blood pressure by a reduction in cerebrovascular resistance. Tilting head 
down 20° slightly reduced the cerebral blood flow, in spite of an increase in 
carotid blood pressure. An increase in cerebrovascular resistance in the head- 
down position explained the lack of increase, and indeed decrease, of the 
cerebral blood flow in the head-down position. 

The possible mechanisms causing the changes in cerebrovascular resistance 
in the above circumstances are discussed. The best correlation of changes in 
the cerebrovascular resistance with changes of position was obtained with the 
calculated changes in intracranial cerebrospinal fluid pressure. 

Patients with brain tumors were studied in the supine position and after 
tilting head up or head down 20°. The mechanisms for adjustment when tilt- 
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Cerebrovascular 'Ecsistance 

\CC/100CM/HI« / 

Fig. 3. Relattoxseip between cere- 
brovascular resistance and calculated 
intracranial pressure in a series of normal 
individuals before and after a 20° tilt 
either head up or head down. 
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ing these patients head up 20° failed and the cerebral blood flow decreased 
(30%) • Tilting the brain tumor patient head down did not alter the cerebral 
blood flow. It is, therefore, concluded that the head-up position in the treatment 
of patients with brain tmnor and/or increased intracranial pressure is del- 
eterious; the use of the head-down position in the treatment of such patients 
does not appear to alter the cerebral blood flow. 

We are deeply indebted to Miss lone Serata for her excellent technical assistance. 
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Effects of Folic Acid- on Respiratory and 
Nitrogen Metabolism'^ 

R. C. GRUBBS, JULIA TROSSBACH, B. C. HOUGHTON and 
F. A. HITCHCOCK. From the Department of Physiology, The Ohio 
State University, Columbus, Ohio 


JLhe use of folic acid in the treatment of certam tj^ies of blood 
dyscrasias has been extensively studied (1-5). Four reviews of the work done 
in this field have appeared since 1946 (6-9). With the exception of the Jukes 
and Stokstad review, these are primarily concerned with the hematological 
effects of folic acid. A search of the literature however reveals that relatively 
little has been reported concerning the metabolic effects of this substance. 
Welch (8) in his review pointed out several facts which indicate that folic 
acid plays an important role in metabolism. Among these are its hematopoietic 
effect in the macrocytic anemias and its presence in combined form in the 
majority of animal and human tissues. Other investigators have reported that 
fohe acid functions as an essential substance in the metabolism of bacteria (10), 
protozoa (ii), insects (12), and birds (13-15), as well as in several species of 
mammals (16-18). These results may be taken as presumptive evidence that 
this substance plays an equally important role in human metabolism. To 
obtain direct evidence on this point, experiments were devised to determine the 
effects of folic acid on the respiratory metabohsm, utilization of foodstuffs, 
and nitrogen balance of both normal human beings and clinical subjects 
suffering from disorders of the blood-forming organs. 

METHOD 

Seven normal human beings (5 males, 2 females) and 6 male hospital 
patients were studied in this investigation. The normal subjects were students 
attending The Ohio State University and carrying the usual load Of curricular 
and extra-curricular activities. Prior to the beginning of the investigation 
each normal subject was given a routine hospital physical examination and 
was reported in good health. The clinical subjects were diagnosed as follows: 
3 pernicious anemias, one Hodgkin’s disease, one cirrhosis of the fiver, and one 
idiopathic steatorrhea. They had aU been hospitalized for at least two weeks 
previous to their use in this research. 

Received for publication October 27, 1949. 

* The work described in this paper was carried out under contract between the Office of Naval 
Research and The Ohio State University Research Foundation. 
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All of the subjects, normal as well as clinical, lived in the hospital and 
were maintained on a weighed diet. Each subject was studied for a period of 
from 4 to 6 weeks. A 4-day balance period was run each week, extending from 
breakfast on Tuesday morning to the corresponding time the following Satur- 
day morning. Two or three such balance periods were run on all normal and 
clinical subjects before the administration of folic acid was begun. In the 
normal subjects, a few minor adjustments in the diet were usually necessary 
during the first balance period in order to prevent loss of body weight and to 
keep the appetite satisfied. After base lines had been established in this way, 
the administration of folic acid was begun and 30 mg. of this substance was 
administered intramuscularly daily. Two or three balance periods were then 
run while folic acid was being given and the results compared with those 
obtained before the administration of folic acid. Data for nitrogen balance 
studies were obtained in the following way. 

At the beginning of each balance period a stool marker was given and 
collection of urine was begun. At the end of the 4-day period a second stool 
marker was given and collection of urine discontinued. Total nitrogen was 
determined by the Kjeldahl method on all the stools between the two markers 
and on the urine collected. From these data total nitrogen excretion was 
calculated. An aUquot portion of the diet was saved each day and analyzedfor 
nitrogen, and the nitrogen intake calculated. From these two figures the 
nitrogen balance was determined. 

Studies on respiratory metabolism, using the Tissot-Haldane technique, 
were carried out each week according to the following schedule : three times a 
week, basal determinations, once a week a determination made i| hours after a 
standard meal, and when possible a determination of respiratory metabolism 
during mild exercise. This exercise test consisted of a preliminary 5-minute 
rest period in the sitting position, a 5-minute period of walking on a horizontal 
treadmill at the rate of 35 meters per minute, followed by a 5-minute recovery 
period in the sitting position. Expired air was collected continuously during 
the walking and recovery periods. In spite of the mild form of this exercise, 
only two clinical subjects were able to take the test. 

Before each of the basal and postprandial tests the subject emptied t e 
bladder, noting the time. At the end of the determination the bladder was 
again emptied and the elapsed time recorded. From these samples the tota 
urinary nitrogen for each respiratory metabolism test period was determine 
by the Kjeldahl method. From the experimental results the foUowing data 
were calculated : expiratory volume, O2 consumption, CO2 production, pro ei 
metabolism, non-protein R. Q., and the percentage of total calories eriv 

from each of the organic nutrients. _ . , 

Studies on peripheral blood including red cell, reticulocyte, an 1 
counts were conducted five times a week. Bone marrow biopsies were 
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once a week and differential cell counts and in vitro cellular oxygen consumption 
determinations were carried out in a standard Fenn apparatus. 

Two additional clinical subjects were studied similarly, except that the 
injection of liver extract was substituted for folic acid therapy, and one of 
the sLx subjects that received folic acid treatment was given liver extract for 
two weeks following a 3-week period of folic acid therapy. This made possible 
a comparison of the metabolic effects of these two anti-anemic substances. 

RESULTS 

In tables i and 2 descriptive data on each of the normal and clinical 
subjects are given. The experimental results obtained are listed in tables 3, 
4, 5 and 6. Each value given in the tables is the numerical average of all tests 
run before or during folic acid and liver extract administration. With the 
exception of peripheral blood studies, aU data have been subjected to statistical 


Table i. Descriptive data on normal subjects receiving 30 mg. of folic acid 

INTRAMUSCULARLY DAILY 


SUBJECT 

ACE 

SEX 

COtOE 


WEIGHT 

OCCUPATION 

A.E. 

24 

M 

W 

inches 

72.6 

tbs. 

187 

Medical Student 

E.F. 

20 

F 

w 

65.0 

156 

Physical Education Student 

R.E. 

22 

F 

w 

68.8 

142 

Home Economics Student 

SJ. 

23 

M 

w 

68.8 

133 

Medical Student 

L.P. 

19 

M 

B 

68.1 

128 

Pre-Medical Student 

J.V. 

23 

M 

w 

68.6 

119 

Student in Languages 

D.Y. 

20 

M 

B 


148 

Student in College of Arts 


analysis. The t test was used and aU changes which were significant to the 5 
per cent level have been indicated in the tables. 

In column 2 of tables 3 and 4, the average reticulocyte count is shown 
for both normal and clinical subjects. With the normal subjects there was no 
significant change in the peripheral reticulocyte level during folic acid adminis- 
tration. However, 4 of 6 clinical subjects showed increases in the reticulocyte 
response averaging about 6.5 per cent. As might be expected, the greatest 
increases were obtained in the clinical subjects suffering from pernicious 
anemia (F. 0 ., M. 0 . and M. F.). There was a similar but less marked response 
in the two clinical subjects receiving liver extract as shown in the same table. 
The peripheral red blood ceU counts listed in column 3, tables 3 and 4, show no 
significant change in normal subjects during folic acid administration. With the 
clinical subjects, however, there was an increase in peripheral red blood cells 
during folic acid administration in 3 subjects (F. 0 ., M. 0 . and M. F.). These 
are the same subjects who showed the greatest reticulocyte response. 

Results on cellular bone marrow studies corroborate the results reported 
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by previous investigators (Spies, Moore, Doan el al) and need not be discussed 
in this paper. The bone marrow cellular respiration on whole bone marrow 
suggested a rise in respiration values during folic acid therapy and this could 
be correlated with an increase in reticulocyte count. However, difficulty in 
obtaining bone marrow biopsies without dilution with peripheral blood makes 
these data inconslusive. They are therefore neither tabulated nor discussed. 

Basal values for the 0 : consumption, CO2 production, nitrogen excretion, 
non-protein R. Q.’s and percentage basal calories derived from each of the 
organic nutrients are given in tables 3 and 4. There was no significant change 


Table 3. Average basal respiratory metabolism in normal subjects before and 

DURING FOLIC ACID ADMINISTRATION 


SUBJECT 

I 

KO. 

BLOOD 

DETEB- 

MINA- 

TIONS 

1 

3 

B.B.C. 

4 

KO. 

B.U.S. 

TESTS 

5 

BASAL 

OXYGEN 

CON« 

SUMP- 

TION 

6 

BASAL 
C0» PEO- 
DUCTION 

7 

basal 

N* EX- 
CRETION 

S 

BASAL 

NON 

PROTEIN 

R.Q, 

D 

JO 

11 

PERCENTAGE TOTAL BASAL 
CALORIES FROM 

PROTEIN 

CHO 

PAT 



% 



cc/min. 

cc/min. 

smihr. 





SJ. Before 

9 

2.6 

4.7 

6 

207 

174 

.38 

•8s 

17 

40 

43 

During 

10 

2.6 

5-4 

6 

210 

187 

•S2 

.92' 

23 

S6* 

21 

J.V. Before 


1-3 

S-6 

6 

217 

177 

.46 

.82 

20 

31 

49 

During 


I. I 

6.2 

6 

212 

179 

•45 

. 84 * 

20 

40* 

40 

L.P. Before 

19 

1-7 

S-i 

7 

212 

184 

•SI 

.89 

22 

49 

29 

During 

■9 

i.S 

S-2 

S 

204 

178 

• SI 

.89 

22 

49 

29 

D.Y. Before 

12 

i-S 

S-o 

7 

219 

178 

• 49 

.82 

21 

30 

49 

During 

II 

1.6 

S-o 

S 

211* 

178 

• SS 

•8S* 

24 

38' 

38 

A.E. Before 

10 

1.2 

S -3 

7 

261 

208 

,60 

•79 

22 

23 

SS 

During 

9 

1.4 

S -3 

S 

2 S 4 

210 

•SO 

•83 

19 

3 S 

46 

R,E. Before 

II 

0.8 

4.6 

10 

193 


.67 

.84 

31 

33 

36 

During 

16 

1.2 

4-5 

8 

198 


.67 

.86 

32 

34 

34 

E.F. Before 

14 

1-7 

4-7 

10 

205 

176 

•S 4 

.88 

24 

43 

33 

During 

16 

1.6 

4.8 

8 

20s 

172 

•S 2 

•85 

24 

38 

38 


' Statistically significant change to 5% level. 


in the basal oxygen consumption of the normal subjects during the adminis- 
tration of folic acid (column 5). On the other hand, all six of the clinical subjects 
listed in part A of table 5 showed a drop in the basal oxygen consumption 
during the administration of folic acid. In subjects A . M. and V. M. this drop 
was too slight to be significant. In subject M. F. the decrease amounted to 5 
per cent but the variability of the data is so great that this figure is not sta- 
tistically significant. The three remaining subjects, M. 0 ., H. D., and F. 0 ., all 
showed statistically significant drops in basal oxygen consmnption. It is inter- 
esting to note that the magnitude of this drop in oxygen consumption parallels 
in a general way the changes in the peripheral blood picture. The clinical sub- 
jects that showed the most marked improvement m the blood picture also 
showed a significant drop in oxygen consumption. 
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In figure i the peripheral red blood ceU count and basal oxygen consump 
tion in a typical normal subject (L. P.) have been plotted. It can be seen from 
this graph that there was no effect of folic acid administration on either red ceO 
count or basal oxygen consumption. In figure 2 a similar graph on a clinical 
subject (F. 0 .) suffering from pernicious anemia is presented. In his case, ad- 


Table 4. Average basal respiratory metabolism in clinical subjects before and 

DURING folic ACID ADMINISTRATION 


SUBJECT 

/ 

NO. 

BLOOD 

DETER- 

MINA- 

TIONS 


3 

R.D,C. 

4 

NO. 

B.U.R. 

TESTS 

5 1 

BASAL 

OXYGEN 

CON- 

SUMP- 

TION 

6 1 

BASAL 
COj PRO- 
DUCTION 

7 1 

BASAL 
Nj EX- 
CRETION 

1 

8 

sasal 

NON 

PROTEIN 

D 

10 

11 

1 

PEBCENTAGE TOTAL BASAL 
j CALORIES TEOSI 



FAT 



% 

millions 


ccimin. 

cc/min. 

gm/hr. 






A. Clinical Subjects Receiving Folic Acid 


AJf. 

Before 

II 

1-7 

4.1 

6 

270 

216 

•31 

.80 

II 

28 

61 


During 

9 

2.0 

3-9 

5 

267 

213 

.24 

.80 

8 

29 

63 

V.M. 

Before 

8 

1.6 

4-3 

7 

227 

187 

.29 

•83 

12 

37 

SI 


During 

9 

1.8 

4.2 

5 

226 

186 

.27 

.82 

II 

36 

S 3 

Y.O. 

Before 

II 

3-1 

1-7 

7 

273 

205 

.28 

•75 

9 

14 

77 


During 

II 

13-6 

2.2 

S 

234' 

189 

.24 

.8ii 

10 

33' 

57 

M.O. 

Before 

10 

8.0 

1-7 

7 

210 

171 

.23 

.82 

10 

35 

45 


During 

15 

12.2 

2.3 

5 

199' 

176 

•23 

.90' 

10 

58' 

32 

M.F. 

Before 

10 

1. 1 

i-S 

2 

219 

170 

.22 

.78 

10 

21 

69 


During 

22 

18.8 

2.0 

7 

207 

162 

•32 

•77 

14 

20 

66 

H.D. 

Before 

10 

1.6 

4-3 

6 

197 

I 4 S 

. 28 

•72 

13 

7 

80 


During 

18 

1.8 

4.4 

8 

183! 

140 

.27 

.76* 

14 

13' 

73 




B. Clinical Subjects Receiving Liver Extract 




E.D? 

During 

S 

i-S 

4.2 

5 

202 

168 

•31 

•83 

IS 

35 

5 ° 

C.A. 

Before 

7 

4-4 

2.4 

6 

177 

138 

•43 

•77 

23 

17 

60 


During 

23 

7.1 

2.6 

9 

167 

136 

.28 

.8i> 

16 

31' 

S 3 

R.S. 

Before 

8 

2.6 

1-5 

3 

242 

187 

.22 

•77 

9 

20 

71 


During 

20 

10.3 

2.9 

9 

202' 

175 

.19 

.871 

9 

So‘ 

41 


1 Statistically significant to 5% level. . , 

2 Subject B. D. received liver extract for a a-week period immediately after a 3-week; perioa 

folic acid. 


ministration of folic acid was followed by an increase in the red cell count an 

a decrease in the basal oxygen consumption. 

The basal oxygen consumption of two of the three patients receiving lyer 
extract as shown in part B of table 4 also decreased markedly coincident wi 
the beginning of therapy. In the case of subject R. S. this decrease is statjstica y 
significant, but with subject C. A., the significance is questionable. e 1 
patient in this group, E. D., was given liver extract foUowing three we_e^ 
treatment with folic acid, and the change to fiver therapy was accompanieo y 
a slight increase in oxygen consumption which is not significant. 
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Table 5. Atorage speotic dyniVmic actios in normal and clinical subjects before 

AND DURING FOLIC ACID ADMINISTRATION 


SUBJECT 

KO. OE TESTS 

2 

BASAL OXVGEN 
CONSUMPTION ! 

j 

3 

RESTING Oj 
CONSUMPTION 

IJ HOURS AFTER 
FOOD 

4 

PERCENTAGE 
INCREASE 
AFTER FOOD 



ec/rtin. 

ccjmin, | 



A. Jforinai Siibj'ecfs Recrisiwg Folic Acid 


SJ. 

Before 

2 

209 

298 

43 


During 

2 

205 

315 

54 

J.V. 

Before 

2 

209 

273 

31 


During 

2 

219 

289 

32 

L.P. 

Before 

2 

228 

281 

23 


During 

2 

204 

282 

38 

D.Y. 

Before 

2 

219 

300 

37 


During 

2 

212 

301 

42 

A.E. 

Before 

2 

2 S 9 

330 

27 


During 

2 

256 

317 

24 

R.H. 

Before 

3 

197 

232 

18 


During 

3 

200 1 

269 

35 

E.F. 

Before 

3 

21S 

273 

27 


During 

3 

208 

257 

23 


B. Clinical Stthjecls Receiving Folic Acid 


A.M. Before 

2 

267 

300 

13 

During 

2 

272 

326 

20* 

V.M. Before 

2 

227 

26s 

17 

During 

2 

230 

289 

25 * 

F.O. Before 

2 

278 

308 

II 

During 

2 

232 

279 

21^ 

M.O. Before 

2 

216 

269 

24 

During 

2 

194 

263 

36* 

M.F. Before 





During 

I 

209 

213 

5 

E.D. Before 

2 

199 

213 

7 

During 

3 

182 

207 

14 * 

C. Clinical Subjects Receiving Liver Extract 


H.D .2 During 1 

2 

185 

238 

29 

C.A. Before 

2 

179 

240 

34 

During 

3 

172 

231 

34 

R.S. Before 

I 

Z 34 

254 

8 

During 

3 

19s 

241 

27* 


* Statistically significant change to s% level. 

Subject E. D. received liver extract for a 2-week period immediately after a 3-week period on 
folic acid. 


As might be expected, the findings on CO2 production parallel the results 
obtained on O2 consumption. The administration of folic acid produced no sig- 
nificant change in the CO2 production of normal subjects, but in all but one of 
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the clinical subjects it was foUowed by a decreased CO2 production. This de 
crease averaged 4 per cent. The basal nitrogen excretion, which is shown in 
column 7 of tables 3 and 4, was not significantly changed in either normal or 
clinical subjects. Even the increase in excretion in subject S. J. is not significant 
as this subject showed a high degree of variabihty. With the clinical subjects, 
all but two {M. 0 . and M. F.) showed drops in basal nitrogen excretion, which 
are not statistically significant. 

The basal non-protein respiratory quotients calculated from the data 
tabulated in columns 5, 6, and 7 are shown in column 8 of tables 3 and 4. In 
all but two of the normal subjects the R. Q. rose during the administration of 


L.p. NORMAL SUBJECT - MALE 



DAYS 

Fig. I. Typical curves showing changes in erythrocyte count and in basal oxygen consumption 
of normal subject before and during administration of folic acid. 

folic acid. These rises were statistically significant in 3 subjects, S. J., J- 
and D. Y. Am ong the clinical subjects the R. Q, showed a statistically signifi- 
cant rise during folic acid administration in 3 cases, E. D., Y. 0 ., and M. 0 ., 
and during liver therapy in 2 cases, C. A . and R. S. In the others there was no 

significant change. , 

In neither the clinical nor the normal subjects was there a signi can 
change in the percentage of total basal calories obtained from protein (column 
9). However, 5 of the 7 normal controls showed a marked increase in the per- 
centage of calories derived from carbohydrates (column 10), while 3 ^ ^ 

clinical subjects (H. D., Y. 0 ., and M. 0 .) receiving folic acid and 2 receiving 
liver extract showed a similar effect. The changes in percentage of total caion 
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derived from fat as shown in column ii are of course the reverse of those re- 
ported for carbohydrates. Since these figures are calculated from the non- 
protein R. Q., the changes are significant only in those individuals in which 
there was a significant rise in the R. Q. 

As can be seen in table 5, 5 of the 7 normal subjects showed an increase in 
specific dynamic action during the administration of folic acid, whUe 5 clinical 
subjects receiving folic acid (no satisfactory tests were run on the sixth) and 



Fig. 2. Typicai, cuhvzs showing changes in erythrocyte count and in basal oxygen con- 
sumption of clinical subject before and during administration of folic acid. 

one receiving liver extract showed a similar increase. The changes are statisti- 
cally significant with the clinical, but not with the normal subjects. 

The results obtained in the exercise experiments showed a high degree of 
variability, and there was no indication of any consistent effect of folic acid 
administration. Therefore, these results have not been tabulated or discussed. 

The average daily food intake for the normal and clinical subjects before 
and during the administration of folic acid is listed in col umn i of table 6. 
These figures are based on calculations from the tables of Bowes and Church 
(19). It can be seen that for all practical purposes the food intake of the normal 
subjects remained constant throughout the period of study. There were a few 
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minor variations in the caloric intake before folic acid administration which 
were made in the first week and were necessary to prevent loss of body weight 
and to keep the appetite of the subjects satisfied. In the case of the clinical sub- 
jects, however, the figures show conclusively that in every case there was an 
increased caloric intake during folic acid administration which averaged 25 per 
cent. This was due to an increased consumption of all three nutrients, although 
the greatest increase occurred in carbohydrate consumption. 

The nitrogen intake of normal and clinical subjects, listed in column 2 
of table 6, shows that with the normal subjects there was a slight daily decrease 
(0.2 gm., 1.1%) during the administration of folic acid. This difference is not 
significant and the nitrogen intake may therefore be considered constant 
throughout the experiment. In the case of the clinical subjects, the daily nitro- 
gen intake showed an increase during folic acid administration in all but Y. 0 , 
This increase averaged 1.4 gm. or about 12 per cent and was statistically sig- 
nificant. Nitrogen balance studies on clinical subject M. F. could not be carried 
out because of a complicating pneumonia which developed in the course of the 
experiment. 

Column 5, table 6, lists the average daily nitrogen excretion for the normal 
subjects. Before folic acid administration this averaged 13.7 gm. During folic 
acid administration the total nitrogen excretion averaged 14.3 gm. This repre- 
sents an increase in total nitrogen excretion during folic acid administration of 
0.6 gm. (4.4%) which is not statistically significant. The average daily urinary 
nitrogen excretion increased following the administration of folic acid, 0.5 gm. 
(about 4%). However, only 4 of the 7 subjects showed an increase and statisti- 
cally there was no significant change in the output of urinary nitrogen. The 
average daily fecal nitrogen increased during folic acid administration in 6 of 
the 7 subjects. This increase averaged 0.22 gm. daily (18%), and is statistically 
significant. Therefore, the increased fecal nitrogen which occurred during folic 
acid adim'nistration in the normal subjects was the only significant change in 
the nitrogen output of this group. 

The average daily total nitrogen excretion for the clinical subjects is listed 
in column 5 of the same table. Before foh’c acid administration this average 
was 9.8 gm. while during folic acid administration the average value was 8.6 
gm., a decrease of 1.2 gm. or about 12 per cent. 

The average daily urinary nitrogen output decreased from 7.6 gm. e ore 
to 7.2 gm. during the administration of folic acid. This is a 6 per cent decrease. 
The fecal nitrogen similarly decreased from an average daily value of 2.0 gm. 
before to 1.4 gm. during folic acid administration, a decrease of more t an 30 

per cent. v • i 1 Vrts 

In column 6 the daily nitrogen balances for the normal and clinical sudj 

are given. It will be noted that all the normal subjects were in a positive ni r - 
gen balance and remained so throughout the experiments. The average 
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retention before folic acid administration was 4.1 gm. per day. During the ad- 
ministration of folic acid, the nitrogen balance averaged -I-3.3 gm. This is an 
average decrease during folic acid administration of 0.8 gm. (almost 20%). 
Similarly, the results on the nitrogen balances of the clinical subjects showed 
that all were in a positive nitrogen balance, and remained so throughout the 
experiment. The nitrogen retention before folic acid administration averaged 
-{-i.So gm. per day. During the administration of folic acid, the nitrogen bal- 
ances averaged -f 4.20 gm., an increase of 140 per cent, which is statistically 
significant. 

The body weights for both normal and clinical subjects before and during 
folic acid a d ministration are shown in column 7, table 6. It can be seen that 
the body weights remained practically constant for both normal and clinical 
subjects throughout the period of study. 

Nitrogen balance studies on one female and one male clinical subject, both 
of whom exhibited a macrocytic anemia, were also carried out before and during 
a course of liver extract therapy. The nutritional responses to the liver extract 
were similar in some respects to the results obtained with folic acid. However, 
the results are inconclusive because of the limited number of subjects investi- 
gated. These results have therefore not been included in table 6. 

CONCLUSIONS AND DISCUSSION 

The results obtained in this investigation, and reported in detail in the 
preceding section, indicate that the administration of folic acid produced at 
least 5 definite metabolic effects: 

1) Clinical subjects undergoing folic acid treatment showed a marked in- 
crease in appetite which was accompanied by a definite euphoria. The effect 
on carbohydrate intake was most marked, although there was also an increase 
in the consumption of protein and of fat. Euphoria occurred usually within 24 
hours after the beginning of the administration of folic acid. This effect was 
most marked in cases of macrocytic anemia. These clinical subjects, as was to 
be expected, were the ones in which the greatest hematological response to folic 
acid occurred. These findings are in agreement with the results reported by 
Doan, Wilson and Wright (20); Darby el al. (21); Spies (22); Spies el al. (23); 
and Goldsmith (24). No such effect was noted in any of the normal controls. 

2) In these experiments the basal oxygen consumption of subjects Y. 0 ., 
M. 0 . and M. F., who were suffering from pernicious anemia was definitely re- 
duced following the administration of folic acid. These were the subjects that 
showed the most pronounced hematological response to folic acid therapy. It 
has been reported by several investigators (25-27) that there is an elevation of 
basal metabohsm in patients suffering from anemias. These reports indicate 
that the most pronounced elevation of metabolism occurs in pernicious anemia. 
It has been postulated by Richards and Strauss (28), Alt (29) and Baldridge 
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and Barer (30) that the increased metabolism is due to the additional respira- 
tory and circulatory effort required in furnishing the tissues of an anemic pa^ 
tient with an adequate supply of oxygen. The results reported in this paper are 
in harmony with this theory. Following the reticulocyte responses, which of 


Table 6. Average daily food intake and nitrogen balance in normal and clinicai 

SUBJECTS before AND DURING FOLIC ACID ADMINISTRATION 


SUBJECT 

P 

0 

0 

2 

KTAKE 

J 1 4 I 5 

NITROGEN OUTTUT 

Urine j Feces j Total 

6 

NITROGEN 

balance 

7 

BODV 

\S*EICHT 


calfday 

N gmiday 


gmiday 


gm/day 

n. 


A 

. Normal Subjecls 





S.J. Before 

3310 

21.2 

7.6 

1.6 

9.2 

+ 12.0 

134 

During 

3400 

21.0 

II. 0 

0.9 

II . 9 

+9.1 

136 

J.V. Before 

2330 

17.9 

II. 9 

0.8 

12.7 

+ 5-2 

120 

During 

2510 

18.S 

12.6 

1.2 

13.8 

+ 4-7 

120 

A.E. Before 

2170 

17.2 

14.6 

1.2 

IS. 8 

+1.4 

184 

During 

2190 

16.6 

13.8 

1.8 

15.6 

-f I.O 

178 

D.y. Before 

2710 

18.7 

14.8 

1-3 

16. I 

■f-2.6 

US 

During 

2850 

17.8 

14.0 

1-7 

15.7 

+ 2.1 

us 

L.P, Before 

2710 

18.7 

13-4 

i-S 

14.9 

+3.8 

129 

During 

2850 

17.8 

13-3 

1.9 

15.2 

+ 2.6 

130 

R.ff. Before 

2230 

iS -3 

13.0 

1.2 

14.2 

+1.2 

142 

During 

2450 

iS -9 

13. 1 

1 . 5 

14.6 

+1.3 

142 

ff.F. Before 

2230 

iS -3 

II. 8 

I. I 

12.9 

+2.4 

IS 4 

During 

2420 

15-8 

12.4 

1.2 

13.6 

+ 2.2 

151 


B. Clinical Snhjects 





ff.D. Before 
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III 
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13.2 
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3 -S 
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2150 
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II. 2 

0.9 
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14. S 
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15-2 

6.9 
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+ 7-3 
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F.O. Before 

1780 

9.1 

7-1 

I.O 

8.1 

+1.0 
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During 

2120 

8.3 

5-7 

I.O 

6.7 

+1.6 

IS 8 

M.O. Before 
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10.6 

6.8 

1-3 

8.1 

+ 2 .S 

124 

During 

2960 

13-0 

S -9 

0.9 

6.8 

+6.2 

I 2 S 


course resulted in a marked increase in the number of red blood cells available, 
the basal oxygen requirement of the chnical subjects was definitely re uce , 
and it may be assumed that this reduced oxygen utilization was the resu 0 
decreased demand upon the respiratory and circulatory mechanisms or 
maintenance of an adequate oxygen supply to the tissues. Since e °° 
ture of the normal controls was not significantly affected by t e a mi 
of folic acid, no effect on basal oxygen consumption of these subjects w 

expected. 
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j) The clinical subjects suffering from macrocytic anemias and s of the 
normal controls showed an increased utilization of carbohydrate during the 
administration of folic acid. Among the clinical subjects this effect was most 
pronounced with those who showed the most significant decrease in basal oxy- 
gen and who, it should be remembered, were also the ones showing the most 
pronounced hematological response. It should be kept in mind that the validity 
of this conclusion rests upon the assumption that the non-protein R. Q.’s are 
true metabolic quotients and were not influenced by changes in ventilation 
volume, acid-base balance, or other fortuitous conditions. Since the determina- 
tions of oxygen consumption and CO2 output were all made under identical 
conditions, and since the normal and clinical subjects were all on a controlled 
diet, there is no reason to doubt the validity of these respiratory quotients, and 
hence it is believed that this increase in carbohydrate utilization is a true 
metabolic effect of folic acid. We have no explanation to offer for this effect. 
It might seem logical to assume that since the food intake of the clinical sub- 
jects increased during folic acid administration, the consequent increased carbo- 
hydrate intake was the cause of increased utilization of this substance. How- 
ever, a statistical treatment of these data indicated that there was in these 
experiments, no significant relationship between carbohydrate intake and the 
percentage of total calories derived from carbohydrates. Before a satisfactoiy 
explanation can be offered for these results, further studies must be made. 
These studies should include blood sugar determinations and, perhaps even 
more important, an investigation of the effects of folic acid on the various 
enzyme systems concerned in carbohydrate metabolism. 

4) In all of our clinical subjects and in about one half of the normal con- 
trols, there was an increased specific dynamic action during the administration 
of folic acid. It is possible that this effect is the result of a beneficial action of 
folic acid on the absorption of foodstuffs from the intestinal tract. It is im- 
possible at the present time to suggest the mechanisms by which such an effect 
might be produced. 

5) The data on nitrogen metabolism indicate that the administration of 
folic acid had significant effects on m'trogen balance. The fact that the average 
nitrogen retention of the normal subjects decreased 20 per cent after the ad- 
ministration of folic acid, while the urinary nitrogen increased 4 per cent and 
the fecal nitrogen x8 per cent, suggests that folic acid may interfere with the 
absorption of nitrogen-contaim'ng substances by the mucosa of the gastro- 
intestinal tract and may also increase the deaminization of amino acids by the 
liver. Further experimentation is necessary before the mechanism by which 
these effects are produced can be elucidated. 

In the case of clinical subjects, the administration of folic acid produced 
exactly those effects which might have been expected. First, there was a marked 
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increase in appetite as noted in no. Second, the administration of folic add 
was followed by a significant increase in nitrogen retention. Four of the din 
cal subjects showed a marked and significant decrease in fecal nitrogen, 
with 3 of the s subjects the urinary nitrogen decreased significantly. This wodd 
indicate that the effect on nitrogen retention was of two sorts and exacdy 
opposite to that observed in normal subjects: first, an increased absorption of 
amino acids and other nitrogen-containing compounds from the gastrointestinal 
tract; and second, decreased deaminization of absorbed amino acids by the 
liver, which was probably due to the fact that an increased percentage of these 
amino acids was utilized in the synthesis of hemoglobin and tissue proteins, 
These findings are in agreement with the results reported by Heath and Ta)'lor 
(31), who showed that the regeneration of blood cells which occurs during 
remissions in anemia is accompanied by increased nitrogen retention. 

Wliile our investigations of the metabolic responses to liver extract were 
limited, and therefore inconclusive, it is nevertheless true that the results 
reported in this paper indicate that liver extract produces metabolic effects 
similar to those observed following folic acid administration. This might very 
well be expected on the assumption that these two anti-anemic substances act 
in a similar way to produce their effects. Furthermore, in the single clinical 
subject diagnosed as idiopathic steatorrhea, in which liver extract was adminis- 
tered following folic acid therapy, it appears that this sequence of therapy pro- 
duced the more beneficial response. It should be pointed out that Meyer (32} 
suggests that liver extract injections supplemented by small doses of folic acid 
produce more beneficial effects both neurologically and hematologicaUy than 
does either substance alone. 


SUMMARY 

The metabolic effects of folic acid administration have been investigated 
on 7 normal and 6 clinical subjects (3 pernicious anemias, one Hodgkin's dis- 
ease, one cirrhosis of the liver, and one idiopathic steatorrhea). The results 
indicate that the administration of folic acid produced the following effects, 
i) Euphoria, increased appetite, and increased caloric intake in all 6 clinical 
subjects; 2) decreased basal oxygen consumption in the clinical subjects, par- 
ticularly those suffering from pernicious anemia, but no change in the basa 
oxygen consumption of normal subjects; j) an increase in the percentage 0 
total calories derived from carbohydrate in both normal and clinical su jec s, 
an increase in specific dynamic action in all clinical subjects and in 4 0 7 
normal controls; 5) an increase in fecal nitrogen and a decrease in nitropn 
retention in normal subjects and an increase in nitrogen retention of a c m 
subjects. The latter effect was the result of three factors: first an increa 
protein intake; second, a decreased fecal nitrogen; and third, a ecrease 
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nary nitrogen in 3 of 5 cases (2 pernicious anemias and one cirrhosis of the liver). 
These results suggest that in the dinical subjects folic acid increased the ab- 
sorption of nitrogen from the gastrointestinal tract and decreased the deamin- 
ization of amino acids by the liver. This latter effect is probably associated 
with increased utih'zation of nitrogen-containing compounds in the synthesis 
of hemoglobin and tissue proteins. 

The authors wish to express their indebtedness to the Lederle Laboratories for their 
generosity in furnishing the folic acid, to the Statistics Laboratory of The Ohio State Uni- 
versity, particularly Professor Donald R. tVhitney, who carried out the statistical analysis 
of our data, to Mrs. jMartha Lewis, Director of the Dietary Department, who gave valuable 
assistance in organizing the dietary regime, to Dr. Clifiord Angerer, who carried out the 
in vitro studies on bone marrow oxj'gen consumption, to Mr. Laurel Prince, Mrs. Phyllis 
Arscott O’Neill and Mrs, June hlonnen Swanson, all of whom gave technical assistance, 
and finally to the various persons who served as subjects and without whose complete 
cooperation this investigation would have been impossible. 
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Argiiiase Activity of Blood in Normal Children 
and Pregnant W omen 

LELANB C. CLARK, JR. aud ELIZABETH I. BECK. From the 
Pels Research Institute for the Study of Euman Development, Antioch 
College, Yellow Springs, Ohio 


1 w CONNECTION with a long-range study of the relationship of blood enzymes 
to the growth and development of children an analysis of the arginase activity 
of the erythrocytes was undertaken. Data obtained from 120 healthy children, 
18 pregnant women, ii adult females and 12 adult males are reported. 

METHODS 

Blood was collected by finger puncture from the children and vein puncture 
from the adults. No difference in arginase activity was found between capillary 
and venous blood. Sodium heparinate^ was used as the anticoagulant since it 
did not affect the enzyme activity. 

Arginase activity was measured using the substrate of Hunter and Downs 
(i) and adapting the procedure of Kochakian (2) to a micro scale. Fifty cu. 
mm. of blood were transferred to 5.9 ml. of 0.00017 cobaltous chloride, 

and the tube was heated in a water bath at 45° to so°C. for 20 minutes in 
order to activate the enzyme. Following this, 2 ml. of the Hunter and Downs’ 
buffered substrate were added and the tube incubated at 37.o°C. ± .o5°C. for 
6 hours. The enzymatic activity was stopped by adjusting the tube to pu 6.0 
and heating for 5 minutes in a boiling water bath. After incubation of the urea 
with crystalline urease (3), the ammonia was determined by micro-Kjeldahl 
using the mixed indicator of Ma (4). All samples were analyzed in duplicate in 
batches of 10 to 20 samples. Erythrocyte counts were made following the 
procedure of Blum (5) after calibration of the Evelyn colorimeter. 

A 6-hour period of incubation was chosen as the length of time necessary 
to give a sufficient quantity of urea for determination and yet not too long a 
period to cause any loss of enzyme activity. Since it was found that the enzyme 
activity is directly proportional to the urea formed, calibration curves are un- 
necessary. We have defined an arginase unit as that amount of cobalt activated 
enzyme which, under the conditions described, will form 0.25 mg. of urea ni- 
trogen in 6 hours. Our unit is equivalent to about 1/12 Hunter and Downs’ unit. 

Received for publication September 2, 1949. 

* The authors are indebted to J. A. AeschUmann, Hoffmann-La Roche Inc., Nutley New 
Jersey, lor a generous supply of the purified sodium salt of heparin. 
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Analysis of the data obtained from 25 consecutive determinations inrl’ 
cates that the average deviation of duplicates from their mean is ±20 
cent with a range of o to 4.8 per cent. 

RESULTS 

Figure i shows the wide variation in the arginase activity of blood ob- 
tained from children. Table i shows that there is no significant change in 
enzyme activity with age, but that there is a definite sex difference with Lies 
having, on the average, 86 per cent of the blood arginase activity of females 
This sex difference is highly significant (P < .0001) as shown by t analysis (6) 
of the data given in table i. Eighty-one of the 120 children first tested were 
reassayed one year later with the striking result shown in figure 2. Variance 
analysis (7) of these data gave a product-moment correlation of 0.83, showing 



Fig. I 


that the relative position of the individual in the group is subject to but little 
variation. 

The mean arginase activity of 12 normal males, ranging in age from 29 to 
57 years, was 0.98 units per rbc X 10® with a range of 0.41 to 1.23. The mean 
value for adult males checks with the value (0.96 units/rbc X 10®) obtained 
from male children. 

The data obtained using pregnancy cases are presented in table 2. It can 
be seen that there is no change which can be regarded as significant, 
slight drop found in whole blood arginase activity during pregnancy is ex 
plained by the drop in red cell count. The sex difference in adults, obtained^)' 
comparing the red cell concentration of arginase in the pregnan^ ca 
= 72) with the adult males (n = 12), borders on significance {P - 0.0^^ 

Table 3 shows the constancy of whole blood arginase from^ day to ay 
reveals that the small changes found are probably due to variation in re c 
count and experimental error. 
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DISCUSSION 

A marked sex difference kas been reported in the arginase activity of the 
liver (8, 9) and blood (10) of mature rats. Covolo and West (ii) reported that 


Table i. Arginase acthtty or blood of children 


stnjjECXS 


arginase 


AGE RANGE 

SEX 

N 

MEAN j 

SICIIA' 

MEAN [ 

SIOMA* 

rnonihz 



UmU/JDO cu 

: frtm, hhod 
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18 

5-24 
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1. 19 
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37 

4.80 

1.22 
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33 
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0.98 
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F 
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1.18 

0.25 
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4.94 

0.89 

1,09 
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M 
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M 

g8 
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0.94 

0.96 

0.20 


F 

no 

5.26 

I.16 

1.14 1 

0 . 2 S 

Total 


208 

4-93 

1,12 

1.06 
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V = V(i/N)(SX») - Mx> 


blood from adult male individuals showed about 79 per cent^ of the arginase 
activity of female blood while calculations from the data of Takehara (12) 
reveal male blood to have, on the average, about go per cent of the activity of 
blood obtained from females. Our data reveal that this sex difference, unlike 
that found in the rat, is present before pubescence and, therefore can hardly 
be the result of gonadal hormone action. 


^ There is an error in their table of normal values. For 7 normal men, a mean value of 8 o is 
given, although the mean of the cases actually tabulated is 7 . 4 . The mean of 11.2 given for o nonnal 
rvomen agrees v.ith the mean of the cases tabulated. 


Uistamine as Possible Che77iical Mediator for Cutaneous 
Pam: Painful Responses on Intradermal Injection of 
Perfusates from Stimulated Human Skin 

SOL ROY ROSENTHAL. From tliR Institution for Tuberculosis 
Research, University of Illinois College of Medicine and 
Research Foundation, Urbana, Illinois 

T 

J_HE PATTERN of the painful response which succeeds the intradermal in- 
jection of histamine is as follows: on injection there is an immediate sensation of 
pain which quickly disappears only to return after a short interval and con- 
tinue for varying periods of time. The intensity of the response and its dura- 
tion are directly proportional to the concentration of histamine. The interval 
between the immediate and latent response varies inversely as the concentra- 
tion (i, 2), 

This study concerns itself with the responses elicited by .perfusates of 
human skin that have been subjected to various forms of stimulation. It has 
already been demonstrated by biological assay on the guinea pig ileum that 
such perfusates resemble histamine closely (3, 4). Fifteen subjects (medical, 
dental and pharmacy students) had tissue-paper-thin slices of skin removed 
from their arms. Preparations were made by a method described previously 
(3) and perfusates obtained after stimulating the skin in vitro. The respective 
subjects received injections of these perfusates as well as histamine. 

METHOD 

Care of Material. All glassware was washed in potassium dichromate sulfuric 
acid and rinsed well before autoclaving. Needles were placed in running water 
from 4 to 6 hours and then rinsed by forcing 10 ml. of distilled water through 
them. After sterilization and just before use, needles and syringes were rinsed 
in sterile saline three times. Histamine hydrochloride or phosphate was di- 
luted in sterile saline made with chemically pure water. The skin was perfuse 
with the same sterile saline as that used in making the histamine dilutions, 

Preparation of Perfusates. Very thin skin slices of about three quarter 
inches in diameter were obtained by sterile surgical technique from the outer 
aspect of the arm with the use of a Smith-Ferris knife. The cut surface was 
wrapped around one end of a glass tube about 6 to 8 mm. in diameter, 
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edges of the tube being slightly everted. The graft 
was secured onto the tul?e by linen or silk thread so 
that it was water tight (fig. i). The caidty of the 
cylinder was rinsed two to three times with 0.2 to 
0.3 ml. of saline and after the last time the saline 
was allowed to remain. The skin was held over a 
small substage lamp just enough to warm the skin 
to about bod}^ temperature. The sample was re- 
moved after 3 minutes and 20 seconds of contact, 
by using a blunt needle and syringe and aspirating 
and expressing three times before the sample was 
finally gathered. Such washes were taken before and 
after the threshold levels of stimuli. The cylinder 
was shaken frequently during its contact with the 
saline. 

Type of Slimuli. Telanizing current by bipolar electrodes from a Harvard in- 
diictorium (2 dry cells in primary circuit): The threshold for pain was first de- 
termined for each subject. The skin was stimulated at the threshold level and 
at 4 or 2 cm. (primary from secondarj"- coil). The electrodes were placed on the 
skin for lo-second intervals and then changed to another position until 20 
sites were stimulated. The cylinder was shaken slightly between each stimulus. 

Warm wire algcsimetcr (5). A loop of wire was heated electricall}^ varjdng 
the intensity by changing the resistance. The threshold level for each subject 
was obtained and the skin was stimulated for 10 seconds at each of 20 sites in 
the manner described above. A 2-mm. diameter steel rod was heated to white 
heat (in flame) and then applied to the skin for 2 to 5 seconds. The entire sur- 
face of the skin was thus charred (usually 10 sites). 

Between each tjqje of stimulus the cylinder was rinsed three times with 
saline. Too many rinsings are to be avoided, since the histamine will be Avashed 
out in this way. 

Procedure for Testing. The subject was not informed of the nature of the 
experiment except that a small slice of skin would be removed and that perfu- 
sates as well as other substances would be reinjected into the skin. After the 
perfusates were all obtained, the subject was made comfortable in a reclining 
chair with a foot stool. All external noises or interruptions Avere at a minimum. 
The subject Avas told not to vicAv the site of injection. The only instructions 
given Avere to record in his OAvn Avords any sensation that might be experienced 
during and after the injections. He was given no information as to the sequence 
of the material injected. 

By using the same syringe in Avhich the perfusate Avas collected and by 
exchanging the blunt needle for a 27-gauge one, the needle Avas inserted as su- 


1 






Fig. I. Glass cylinder 
with and without skin in iilace 
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perficially as possible into the skin, just burying the aperture. When pain from 
the insertion was over, about o.oi of the perfusate was injected very slowly 
with minimum pressure to produce a 2- to 3-mm. wheal. The response of the 
subject was recorded and timed by means of a stop watch. A minimum of ^ 
minutes was allowed for each test. For comparison, varying concentrations of 
histamine were injected in the same way in the same arm. Saline injections 
were also made. During the course of injections, little questioning or prompting 
from the operator was indulged in, exxept as given below. At the end of each 
series of injections, the subject was questioned as to an overall comparison of 
the various materials injected without any reference to what the substances 
might be. 


Table i. Immediate PAmruL response on intradermal injection or perfusates from 

STIMULATED HUMAN SKIN 
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II 


2 I 

3 

1 

5 
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RESULTS 


Immediate Painful Response. Table i summarizes the results of the indi- 
vidual experiments, as well as the study as a whole. Not all skin samples were 
subjected to all the stimuli, and some of the subjects failed to voice pain on 
injection, because they stated afterwards that they expected some sensation 
at the time of injection. The gradations from o to 3+ refer to a comparison 
of the intensity of pain of the various samples injected in one individual, 3+ 
being reserved for some exclamation of pain. The results indicate a direct re- 
lationship between the degree of stimulus and intensity of the painful response. 
Thus, for example, in 5 of ii subjects, injection of the burn fluid gave greater 
responses for this perfusate than for any other, as compared to no maximal 
response in 12 samples obtained from skin stimulated at threshold levels (in- 
ductorium). As a whole, there was a higher percentage of response from t e 
perfusates of the stimulated skin than for the non-stimulated skin. 

Latent Painficl Responses. Following the immediate sensadon there vas 
usually a latent period devoid of pain after which a second painful sensa ion 
was manifest. As will be seen in table 2, this response was almost 
following all perfusates (statistically significant for the perfusates of stimu a 
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skin, wth the exception of the warm wire, when compared with saline). After 
saline injections, only 6 of 17 samples initiated pain. The mean time of onset 
of the latent pain was roughly inversely proportional to the degree of stimulus. 
The calculations were based only on such samples in which a delayed response 
was manifest. The mean time of the duration of pain following saline was 0.24 
minutes, and 3.4 minutes following burn perfusates. Another significant find- 
ing was that only one of 17 saline injections (6%) showed an augmentation of 
the latent painful response, whereas 13 of 15 (87%) of the bum perfusates 
were associated with an increase of pain (values of p = <0.01 for the induc- 
torium (2-4 cm.) and burn perfusates when compared with saline). 

The type of pain was described as pricking, sticking or burning. Such ex- 
pressions as ‘Like cutting my skin,’ ‘Like sticking with a needle,’ ‘Simulates a 
bum,’ or ‘Like a nettle sting’ were frequently elicited voluntarily. 


Tabix 2. Latent pAiNnn. response to perfusates from stimtilated human skin 
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0 . 02 - 0»01 

25 

2.0 

S 

4 S 

0.05-0.02 

Wann wire threshold.. 

7 

7 

7 

100 

0 . 02 - 0.01 

36 

2.1 

2 

33 * 

0.50-0.30 

Inductorium threshold 

14 

16 

IS 

94 

0.01-0. 001 

27 

2 . 3 S 

8 

SO 

0.02-0,01 

Wash after 

6 

7 

6 

86 


IS 


2 

29 

0.50-0.30 

Inductorium 2 to 4 cm. 

10 

12 

12 

100 

O.OI-O.OOI 

23 


8 

67 


Bum 

13 

IS 

IS 

100 

<0.001 

19 

m 

13 

87 

<0.001 


' Considering only those samples giving a response. ® Considering all samples. ’ 2 of 
6 samples. 


* The local reaction following the injection of the perfusates greatly re- 
sembled those produced by histamine injections. Thus, there was central wheal- 
ing surrounded by zones of h3peremia. Pseudopods were present in 3 of 11 
samples (27%) of the 2- to 4-cm. inductorium perfusates, and in 13 of 15 
(93%) of the burn fluid. The mean of the diameters of the area of hyperemia 
was one cm. for the threshold stimuli, 2 cm. for the inductorium (2-4 cm.) and 
3 cm. for the bum fluid. 

Histamine Equivalents. Histamine in dilutions of lo"*”, 10“^ and lo"® was 
injected into the same arm as were the perfusates. In evaluating the histamine 
equivalents the following points were considered for each subject individually: 
the character of the response, the local reaction (si^e of erythema and presence 
or absence of pseudopods) and the immediate and latent components of pain. 
Each subject was questioned immediately after the experiment as to whether 
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or not there was a difference in the character of any of the injections I 
evety case the subject stated that the nature of the sensation was similar 
all injections, but the intensity and duration varied. 

A consideration of all of the above factors was involved in the construe 
tion of table 3. From this table it is noted that there is a direct relationship 
between the intensity of stimulus and the histamine equivalent. Threshold 
stimuli yield perfusates with histamine equivalents of between lo-w and 10-’ 
whereas following burning, the histamine equivalent was between lo-? and 
10“®: 75 per cent of the samples were equivalent to 10“®. 

Other Sensations Following Injection of Perfusates. Itching was noted fol- 
lowing the injection of 6 of the 15 bum samples and in 4 of 12 of the induc- 
torium (2-4 cm.) samples. Cold, warm and pressure sensations were recorded 
to a lesser degree; the incidence and nature of such reactions wiii be considered 
in other studies. 


Tabie 3. Histamine equivalent of perfusates from stimulated human skin 


TYPE PERFUSATE 

NO. OP 

subjects 

1 

NO. OF 

1 SAMPLES 

0 

tSTAUINE : 

±10-“ 

EQUIVALEI 

±10-1 

fT 

±iri 

Saline 

IS 

17 

II 

6 

0 

0 

Wash onset 

tl 

9 

I 

7 

I 1 

0 

Warm wire threshold 

7 

6 

0 

3 

3 

0 

Inductorium threshold 

H 

IS 

0 

9 

6 

0 

Wash after 

6 

6 

I 

2 

3 

0 

Inductorium 2 to 4 cm 

10 

12 

0 

4 

3 : 

J 

Burn 

13 

1 15 

1 ° 

1 0 


9 


DISCUSSION 

The similarity between the objective and subjective findings following the 
intradermal injection of perfusates of stimulated skin in vitro and histamine is 
striking. That such perfusates are histamine or histamine-like has been shown 
by the following biological assays (3, 4): a) the perfusates contract the guinea 
pig ileum in an atropinized bath; b) they are neutralized by histaminase, c) 
they are heat stable in acid and heat labile in alkaline solutions, d) they are 
dialyzable through a cellophane membrane ; and e) action on the guinea pig 
ileum is prevented by the antihistaminic thymoxyethyldiethylamine (3, 6) ■ 
The immediate painful response is probably dependent upon the proxim 
ity of the chemical stimulus to the specific pain receptor points, and may ac^ 
count for the absence of pain following injection of some of the stim a e 
skin perfusates. Since injury of the skin such as follows insertion of t e nee 
or cutting is followed by the liberation of histamine, the pain resporises, a 
in low percentage, following saline or the washes are understandab e. 

1 Thymoxyethyldiethylamine was supplied to the author in 1938 by Dr. Foumeau of 
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The warm wire algesimeter at threshold levels of stimuli will give only 
the second component of the double pain response in human subjects, but 
perfusates of such stimulated skin (20 sites of stimulation of 10 seconds each) 
gave an immediate response as well in ii of 12 samples. In each individual sub- 
ject the intensity of the immediate pain produced by the perfusate was di- 
rectly related to the severity of the stimulus of the skin in vitro. The latent 
response is most likely the result of the summation of many subthreshold 
stimuli effected by this histamine or histamine-like substance diffusing into 
the skin. Such substances are liberated upon stimulation of the skin, whether 
or not they be of threshold or even subthreshold levels. Histologic sections 
have failed to reveal any changes in the skin following threshold stimuli (3). 
The latent pain in many instances increased after it was once initiated. This 
is evidently related to the histamine concentration, which in turn determines 
the number of pain points activated. In 13 of 15 samples of bum fluid, an in- 
crease in pain was registered. This was also true following histamine injections. 
Such an augmentation was noted in 34 of 41 injections of histamine in io~® 
dilution and in 14 of 47 injections of lo”^ dilution. 

The duration of the painful response is likewise dependent upon the con- 
centration of histamine or a histamine-like substance. Hj’pothetically, the 
time of onset of the latent response is dependent upon the number of sub- 
threshold stimuli initiated. The higher the number at one time, the shorter 
the time of onset. Since the burn fluid contained the highest concentration as 
well as the largest amount of histamine, the time of onset of the latent pain 
was the shortest. In 2 of 15 samples there was no let up in the pain following 
its onset on injection. 

The skin contains histamine in the approximate concentration of i : 50,000 
dilution (7). This concentration could well account for any magnitude of cu- 
taneous pain. As has been shown, the pain response to burn fluid can be very 
intense, yet it corresponds to histamine concentrations between r : 10,000,000 
to I ; 100,000, but more commonly the latter. 

A limited number of experiments were made by using such stimuli as pinch- 
ing (with sharp pointed forceps 30 times), pricking with a needle (50 times), 
or chemically irritating rvith xylol. All such perfusates gave responses which 
simulated the threshold values or slightly above. 

This study indicates that physiological stimuli as well as pathological ones 
causing injury liberate histamine or a histamine-like substance which is re- 
sponsible for the mediation of immediate and latent painful responses. This is 
in sharp contrast to the views expressed by Lewis (7), who denies that hista- 
mine or a histamine-like substance is concerned with pain at any level. He 
agrees with those before him (7) that some chemical substance is liberated in 
gross-tissue damage which may account in part for the latent painful response 
only. Again, he is emphatic that the substance is not histamine. Lewis explains 
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the immediate response by direct physical irritation of the specific pain points 
and the secondary painful response by physiological stimuli as the result of 
varying conduction rates over nerve fibers of different diameters. The latent 
response as described in this study probably differs from the second component 
of the double pain response, since the time of onset of the former can be de- 
layed for a mean of i6 seconds or more (slow fibers have a conductivity of ap- 
proximately 0.5 to i.o meters per second, 8). On the other hand, the possibility 
exists that normally there is greater efficiency and proximity of the mediatino 
substance and the pain receptor cells, which would lessen the time of onset 
of the latent painful response as described above. 


CONCLUSIONS 

Perfusates of skin stimulated in vitro when injected intracutaneously into 
human subjects produce local reactions and a pattern of painful response simi- 
lar to that of histamine injections. The pain has an immediate and latent 
component. Its intensity and duration are directly related to the degree of 
stimulation. The interval between the two components of pain is inversely 
proportional to the stimulus. This evidence favors the theory that histamine 
or a histamine-like substance is the chemical mediator for cutaneous pain. 
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Electric Current Transients through 
the Human Body^ 


JOHN W. MOORE. From the Departments of Physiology and Physics, 
Medical College of Virginia, Richmond, Virginia 


Xhe passive electrical characteristics of tissue have generally been 
studied by the frequency response method of analysis. A network of two re- 
sistors and one condenser (fig. i. 4 ) has often been proposed as giving an elec- 
trical response equivalent to that of the tissue studied (i-8). However, some 
more complicated and different networks have been proposed, such as a two 
condenser-four resistor one by Lullies (9). Cole (10) has developed the method 
of the complex plane locus for frequency dependent impedances. This method 
includes the possibility of recognition of the condenser element in figure lA as 
itself having frequency-dependent impedance. 

Another method of study of the passive electrical characteristics is through 
the observation of the transient of current following the sudden application 
of a constant voltage. Gildemeister (11-13) and Einthoven and Bijtel (14) 
studied such transients with string-galvanometers. However, the frequency 
response of the galvanometer is much too poor to follow the rapid transients 
observed in tissue with any accuracy. Strohl (15) and Hozowa (16) made use 
of the ballistic galvanometer to give a point-by-point plot of the transient. 

METHOD 

In the present work, a rectangular voltage wave was supplied by a DC 
amplifier to two electrodes on the skin. The electrodes, of Crook’s metal, 
were covered with Redux electrode paste and fastened by straps. The indifferent 
electrode had a surface of 150 cm. and the stigmatic, 24 cm. A voltage across a 
small resistance in one of the leads is proportional to the current. TWs voltage 
is amplified by a cathode-ray oscilloscope and the current pattern is observed 
on the oscilloscope screen. A repetitive wave is used so that the current pattern 
can be synchronized with the sweep and photographed for later analysis. The 
duration of the pulse is much longer than required for the transient to die 
away and therefore no distortion is introduced by the repetition. 

It would be e.xpected that, following a sudden application of a constant 
vohage, V, the current through the network in figure lA would be large at 
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the start, decreasing exponentiaUy to a final steady value. The resistance R 
would limit the maximum value of the initial surge of current which chaJ’ 
the condenser, C. The condenser should charge exponentially through to a 
final steady state voltage equal to that across the resistance, R. The steady 

state current is given by ratio — ^ ^ , since no more current flows into the 

condenser. The final voltage across C will then be V X — — — . Therefore one 

Ri R ' 

would expect to be able to subtract the steady state value of the current from 
the transient and obtain a simple exponential decrease in this net current 
with time. In other words, the log of the net current vs. time should yield a 
straight line. 

Proposed Analog Network. The transients obtained in this work were of 
the general shape expected, but, on the semi-log analysis, did not yield the 
expected straight line. Neither was it possible to match the whole transient 
through the body with a dummy network of the type in figure However, 
it was observed that the curved line found on semi-log analysis was the sum of 



Fig. I. A (ie//): single R-C network; B {right)', double R-C network. 


two straight lines; their slopes differed by a factor of approximately 6, This 
indicated that two RC combinations were required for an equivalent dummy 
network. The network shown in figure iB gives a transient similar to that 
observed through the human body. The constant RzC^ (averaging about i8o 
jusec.) is approximately 6 X RiCi (averaging about 30 (xsec). Hozowa (16) 
performed the same type of analysis on the ballistic galvanometer transient 
curve and also found a deviation from a straight line. This he interpreted as 
a variation with time of one of the elements (Cj) of the simple network of 
figure i^. 

DISCUSSION AND RESULTS 

It is necessary to consider the difference in the frequency-response and 
the transient methods of analysis. The frequency-response curve is simp y a 
plot of the relative magnitude of current passing through a networ' as e 
frequency of a sinusoidal wave is varied. The phase angle lag of t e 
with respect to the voltage must also be taken as a function of ^ 

obtain a complete picture. The measurements are usually taken point- y P 
at several selected frequencies. It is often found that on bio ogica > 
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when the pomts are rechecked, the values do not reproduce too well. Frequency- 
response cuiwes taken by us on single and double RC networks with the time 
constant values set at average values as observed in human tissue are shown 
in figure 2A. The phase angle plot is not shown. The general shape of the two 
curves is similar. In biological work, uncertainty of the points would approach 



TIME IM UlCfiOSECONOS 

^ (upper): frequency response of R-C networks; B (Icnver): current transients through 
R-C networks. “ 

the percentage difference of the curves. Thus, it would be difficult to say which 
type of network is equivalent to tissue frequency response. The transient 
responses for the same two networks are shown in figure 2B. The difference in 
the two transient responses becomes quite clear on the semi-log analysis shown 
in figure 2C. 
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Current transient analyses for human subjects are quite similar to th f 
for the double RC network. A t3q)ical subject analysis is shown in figure 
The straight lines have characteristic slopes which have been designated and 
^ as indicated in the figure. In practice, the a slope is obtained by extrapolating 
the straight portion towards the end of the transient back to zero time. 
is subtracted from the transient and the remainder plotted. The remainder is 
the straight line of slope /?. It is of interest to note that wHe the steady stale 
current (proportional to the DC conductance) may vary widely from subject 
to subject and under various conditions for a single subject, the slopes a and 
^ remain quite constant. It is easfiy seen from figures 2C and 3 that, as the 
net current becomes small with increasing time, great care becomes necessary 



TIME IN MICROSECONDS 

Fig. 2C. Analysis of current transients through R-C networks. 

in reading accurately the current values. The percentage error due to tlie 
finite cathode ray trace width and in estimating fractions of the grid divisions 
(picture is taken with transparent grid pattern across face of cathode ray tu e) 
becomes increasingly large as the transient current approaches the stea y 
state value. When the ct slope straight line is extrapolated back to zero time, 
any error in properly choosing the slope will, of course, affect the slope 0 e 
second straight line, jS. The gradually increasing error in the points from u' c 
a and are taken is indicated in figure 3. It is difficult to estimate t e p r 
centage error involved in the determination of the slopes since the minim 
net current value plotted varies considerably and usually in 
variation in steady state current. Sample photographs were stu le an 
found that with the poor readings, errors of approximately ±10 P^^ 
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be introduced. However, different persons in analyzing the same transient 
photograph agreed within 5 per cent on the slopes. An electrical computer has 
been considered for improvement of the accuracy. The steady state current 
should be measured with good precision and subtracted from the transient 
current; this is feasible in a repeating wave. The logarithm of the net current 
would then be taken and the semi-log transient analysis could be presented 
on the oscilloscope screen for photographing. The slope a would then be deter- 
mined easily and less error in the value of ^ would be introduced. 



Fig. 3. TyPicAL ctTEKENi transient analysis 

It was undertaken to determine what, if any, factors influenced the slopes 
ft and ^ of the characteristic straight lines. Several factors were varied and 
typical results are tabulated in table i. A few preliminary experiments in 
stopping circulation to a limb with a blood pressure cuff gave consistent in- 
crease in a of about 15 per cent. After circulation was restored and hyperemia 
(17) resulted, a was observed to decrease below the initial control value. This 
decrease was quite variable with time after the pressure was released and with 
different subjects in accordance with the variation in blood flow in the hy- 
peremic state in the reference quoted. The electronic computer would be in- 
valuable in a study such as this where considerable data is desired on the 
variation in a over a short period of time. It was also found that when the 
indifferent electrode was placed on the tongue, a single straight line only was 
observed. It had the characteristic a slope. 
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Instrumentation and Limiting Factors. A block diagram of the cir 'f 
used in this work is shown in figure 4. A variable frequency generator of 7 
multivibrator (18) type is employed. By taking the derivative of its outnutl 
sharp pulse is obtained at each cycle. This pulse is used to trigger a uni-fi. 
brator producing a rectangular pulse of variable time and amplitude. /A direct 
current amplifier with both voltage and current feedbacks is provided to give 
rectangular waves of either voltage or current. The cathode ray oscilloscope 
(CRO) can be connected to monitor the output wave form or transient in- 
volved. In the work reported here, voltage feedback is used and the current 
transient observed by connecting the CRO across the low resistance in series 
with the subject or dummy. When the amplifier was designed, it was not 


Table i 


VARIABLE 

RELATIVE VALUES 

PERCENTAGE DIFFERENCE 

0 ^ 

Frequency 

360 to 270 cy/sec. 

+6 

+6 

Voltage 

3 times 

±4 

±S 

Steady state current 

3 times 

±4 

±5 

Pulse time 

3 times 

None observed 

Electrode size 

24 to 7 cm. 

f— II Same current +25) 
\— 27 Same voltage 

Limb 

Left arm to right arm 

-14 

+7 


4 male 

±12 

±15 

Subjects 

4 female 

±15 

±18 


Ave. of 4 males and ave. of 4 fe- 
males. 

±ii 

±18 

Current path length 

Small electrode from same limb 
as indifferent to opposite limb 

-18 

-33 


Where standard conditions are varied, the standard ‘to’ the new value is quoted and percentage 
change indicated. Where no standard of reference is used, a maximum ± percentage change is 
quoted. 


known that such a heavy current surge would be experienced at the start of 
the transient. The feedback incorporated was not adequate to completely 
take out aU the lowering of the voltage; it is reduced not more than about 10 
per cent at the start and is back to within 3 per cent of its final value vyithm 
70 jusec. This does not affect our results appreciably since in a test experiment 
a single RC gives a straight line from a few microseconds and since a su 
ject’s transient is not generally completed until about 500 ^sec. With t e 
oscilloscope used (having a flat frequency response to only 100 kilocycles), t e 
pulse amplifier employed was probably adequate with its rise time of less 
7 /isec. However, in order to study the transient at a fevy microsecon s, ^ 
oscilloscope with much better frequency response is required, along wi 
faster amplifier incorporating more feedback. Therefore, it is c ear 
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statements made here with regard to the transients refer to the period after 
the first few microseconds. The network proposed as giving the equivalent 
response is subject to the same restriction. Another factor to be considered is 
that for some persons the surge limiting resistance, R, is. small — say, only 5 
times the series resistance required for current measurements. This will par- 
ticularly affect the current transient at very short times and wiU also intro- 
duce an error of about 20 per cent in the observed value of fi. Higher ampli- 
fication in the oscilloscope will aid in eliminating this limitation. 

On many analyses, the value of the current at the shortest time regularly 
used (14 jusec.) was slightly higher than the sum of the two straight lines. This 
hint that for very short times (10-14 /zsec.) the proposed network is not com- 
pletely adequate has been borne out by a few bridge experiments in which the 
current through the subject and dummy network were directly compared. The 
difference can be observed with the present instruments, since the oscilloscope 
is being here used as a null indicator rather than being relied on for the true 



Fig. 4. Block diagram for current and voltage transients 

wave shape. The bridge experiments were not used in the routine experiments 
because of the interaction of the values of the dummy elements, i.e. the values 
of four of the elements contributed to the size and shape of the transient. 
This requires considerable juggling of the values of Ri, Ci, Rs and C2 in order 
to obtain the desired balance. 

It is also true that by the present method a longer decay time than R2C2 
would not be detected due to the limitations already mentioned with respect 
to the accuracy in obtaining the slope. 

Correlation With Physiological Data. It has long been thought that there 
should be a simple connection between the passive electrical nature of tissue 
(studied by impedance methods) and electrical network analogies derived from 
excitation studies. The shape of the current transient is reminiscent of the 
strength-duration curves in nerve and muscle excitation. In the current tran- 
sient work, a very small voltage was used (only enough to give a good sized 
pattern on the oscilloscope screen) ; thus, the electrical stimulus involved was 
far below threshold. A few preliminary experiments have been performed to 
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see if a direct relationship existed between the current transient and th 
strength-duration curve for nerve. A small electrode was secured over a motor 
point on the forearm and both types of data taken. It was found that the con- 
stant current strength-duration curve (standardly used in physiology) could 
be matched by simple operations on the data from the constant voltage current 
transient. The constant voltage strength-duration curve might then be directly 
proportional to the current transient. However, the pulse available from this 
amplifier was not sufficiently rectangular at the very short times required (a 
few microseconds) to get sufficiently accurate results for comparison. 


SUMMARY 

The passive electrical characteristics of human tissue have been studied 
by the method of the current transient associated with an abrupt voltage 
change. Photographs are taken of the transient pattern on an oscilloscope 
screen and are analyzed for characteristic exponential decreases in current with 
time. Two characteristic exponential current decay rates were found and a net- 
work giving the same type of transient is presented. The decay rates are shown 
to be relatively constant from person to person. A table is given to show the 
effect of variation of several factors involved. 

It is postulated that a correlation between physiological data of nerve and 
muscle excitability and their passive electrical characteristics may be found by 
the transient method. 


The author thanks Dr. Ernst Fischer for making the facilities of his laboratory division 
available and for his continued interest and counseling oii the problem. 
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Effects of Helium and Altitude on Respiratory Flow Patterns 
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T 

-Ln the PEEViotrs STUDY of breath flow patterns in men breathing oxygen 
at ground level and at 30,000 ft. simulated altitude (i), it was shown that 
significant changes in velocity and timing of breath phases resulted from 
changes in density of the respired gases. Since rarefaction is but one method 
of changing density, it was felt that further analysis of the influence of this 
factor would be afforded by the use of a light gas such as helium for pulmonary 
ventilation (2). In studies on lung ventilation by Dean and Visscher (3), the 
effect of density, studied by means of such gas mixtures, could not be differ- 
entiated from the possible effect of accelerated diffusion which favors the 
establishment of equilibrium concentrations of both o^q^gen and carbon di- 
oxide in helium-rich gases of the alveolar space. Since up to 30,000 ft. pres- 
sure-altitude the effects of rarefaction on diffusion within gases are negligible, 
a separation of these factors may be made. 

Accordingly, series of tests were set up to, measure breath velocities 
in the same subjects breathing oxygen at ground level, oxygen at 30,000 ft. 
simulated altitude, and 20 per cent oxygen in helium at ground level. For 
purposes of correlation a series of structural and fimctional tests were made 
on each subject as outlined below. Special efforts were also made to improve 
the analysis of the breath velocity pattern, especially with regard to the 
initial phases of acceleration which we felt to be sensitive to the flow resist- 
ance factor. Finally, an attempt was made to find internal correlations of 
the velocities of various phases of the breath flow. 

MATERIAL AND METHODS 

Twelve Navy recruits who had volunteered for low pressure indoctri- 
nation were obtained through the courtesy of the Naval Medical Research 
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Institute. The staff of the latter screened these subjects medically with ro 
tine physical examinations and trial low pressure exposure. Independent 
physical examinations and physiological tests were then made by our own 
staff. Data from the latter are presented in table i. They indicate a physi- 
cally homogeneous population. , ^ 

The primary data collected on the subjects before any breath velocity 
tests were made are: age; height; weight; patellar and calcaneus re- 
flex patency; blood pressure, seated; pulse and respiratory rate before, im- 
mediately after, and two minutes after a standard stepping exercise according 
to thei method of Behnke et al. (4); maximum minute volume (5); breath 


Table i. Data from physical examinations and physiological tests 


KO. 

AGE 

HT. 

WT. 

vrt./ 

HT. 

stm- 

FACE 

AREA 

BLOOD 

PRESStTRE 

u 


vrr. 

CAP. 

1 

3 

0 M 

n 1 
gg 
S 5 

R 

MAX. 

MIN. 

VOL. 

pm 

ALV. 

ATE* 

A 

4 ,' 

V,' 


yr. 

cm. 



m* 

mm. Bg 



;. 

mm. 

i. 

mm.Bg 

mm.Bg 



13 

19 

182 

72 

•39 

1.92 

120/67 

57 

14.5 

4-51 

1-33 

103 

594 

9 S 

73.2 


14 

19 

178 

72 

.41 

1.89 

118/65 

70 

12,0 

4.78 

2.00 

102 

59 ° 

101 

68.4 


15 

19 

170 

82 

.48 

I -95 

116/71 



4.87 

1-25 

93 

596 

no 

64.4 

SLJ 

16 

18 

170 

62 

•36 

X.72 

103/50 

63 

16. 5 

4.29 

1. 18 

84 

591 

105 

70.0 

SI-} 

17 

19 

183 

80 

.44 

2.02 

108/70 

66 

14.0 

4.34 

0.78 

93 

596 

”5 

73 -° 

ss-s 

i8‘ 

19 

179 

78 

•43 

1.96 

ii 6 /S 9 

64 

15-5 

4.20 

0.98 

103 

589 

113 

62.8 

474 

ig 

19 

17s 

73 

.42 


108/62 

58 

15.0 

5-35 

1. 19 

90 

594 

III 

68.5 

534 

20 

18 

176 

79 

•45 

1-95 

iog/72 

54 

12.0 

4-65 

0.85 

99 

590 

104 

67.8 

SJ.3 

21’ 

19 

184 

nm 

.42 

2.00 

irr/60 

52 

14.0 

4.67 

1.22 

134 

598 

no 

64.9 

44,8 

22 

19 

I8I 

Ql 

.45 

2.01 

117/74 

57 

15-5 

S ^64 

0.98 

73 

S88 

ti8 

80.0 

64.8 

23^ 

19 

179 


.40 


108/65 

59 

13-5 

4-73 

1.22 

ir6 

595 

107 

7 S -7 

62.1 

24 

18 

179 

n 

.41 

I .90 

124/75 

58 

14.0 

4-55 

1.30 

86 

59*5 

ro6 

69.6 

50,8 


^Subjects omitted from table 2. * After Bebnke (4); see text. ’Mean of 2 alveolar 

air samples. ’After Hurtado and Fray ( 6 ); Ar = too (max. expiratory area/max. inspirator) 
area). ® After Hurtado and Fray (6); Vr = Ar (max. expiratory ant.-post. diameter/mai. 


inspiratory ant.-post. diameter). 


holding time; vital capacity by the method of Hurtado and Fray (6), ^Oj 
of exhaled air using the Pauling tensimeter and the continuous sampling 
technique of Rahn et al. (7) ; of two alveolar air samples analyzed by t e 
Scholander technique (8); 14 x 17-inch chest roentgenographs, and antenor- 
posterior chest diameters (6); past medical history; present clinic com 
plaints; cigarette and alcohol consumption; pre-Navy occupation, e uca ion, 


and birthplace. t 4 fnr flie 

From some of these data indices of several types were calculate 

purpose of correlation with breath velocity test data. The linear density - 
culation (weight per unit height) discussed by Behnke (9) 
correlation with altitude responses. The cardiac fitness (pulse) 
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duced by Behnke d al (4) was calculated according to both formulae given 
by him but only the values for the simplified one are presented here; 
([Pfli - 70] + 3[Pa2 - Pb] and [Pai + 2Pai]/A, where Pb is pulse beate per 
minute before exercise, Pui same immediately after, and Pets two minutes 
after exercise). An arbitrarily chosen similar (respiratory) index was calcu- 
lated for the respiratory rates recorded in the same test. The lung area ratio 
(Ar) and volume ratio (Fr) were calculated from the chest roentgenographs 
and were made in accordance with the technique used by Hurtado and Fray 
(6). In connection with those tests susceptible to alteration by motivation, 
an effort was made to incite competition between the subjects, e.g., maximum 
minute volume, vital capacity, etc. 

The breath velocity studies were carried out in a decompression chamber 
both for low pressure and normal pressure tests. The recording technique 
followed that described in a preceding paper (i). The instrument used for 
recording as well as the breathing circuit in which it was incorporated has 
been described elsewhere (10). In essence the subjects breathed through the 
flowmeter in a closed circuit which included a modified Benedict-Roth type 
spirometer with large directional rubber check valves and a carbon dioxide 
filtering bed of very low resistance. 

Ascents were made by two subjects at a time and were repeated after 
about 2 weeks. Subjects with acute upper respiratory infections were ex- 
cluded from the tests and obviously distorted responses also were respon- 
sible for the occasional elimination of data. 

The general plan of the experiment permits a comparison of data taken 
in oxygen at ground level pressure, in oxygen at a pressure-altitude equiva- 
lent to 30,000 ft. and in helium-oxygen mixtures (80, 20% resp.) at ground 
level pressure. All subjects were given each test, the comparisons between 
oxygen at ground level versus oxygen at altitude and versus helium-oxygen at 
ground level being made on different days. Thus comparisons between the 
effects of rarefaction and of helium-oxygen are temporally indirect. 

The breath velocity records were analyzed for the same data presented 
in our previous paper but, in addition, the initial acceleration {Id) was di- 
vided into two portions (fui and lad) in order to show abruptly changing 
accelerations in some records. This was done because the change in slope of 
the velocity trace as the velocity first rises seems to be different for different 
subjects, and this difference may be an index of what has been described by 
Silverman (ii) as ‘damping’ under certain conditions. The detailed study of 
acceleration data also has been urged by Gukelberger (12) who applied it to 
the differentiation between the mechanics of inspiration and expiration. 

The measurement of accelerations was made by reading the angular 
slope on a transparent protractor designed for this purpose and translating 
these data to liters/minute/second by calculation. It is necessary to note here 
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tion are more enhanced at rest than following exercise, while the accelerati 
are less uniformly enhanced than are the maximum velocities, particullrl- 
at rest. The length of the expiratory cycle is significantly changed by He 0 
in both rest and exercise, but a significant increase in post-expiratory pause^ 
{Eps) is found only in the 12-subject analysis as referred to above. This h. 
dicates that plateau velocities are sustained in He-02 somewhat better than 
in O2 under these conditions. This is to be noted particularly at rest during 
expiration. It is notable that in exercise there is evident a density effect in 
many items, particularly in the post-expiratory pause. 

The data on identical items in series B indicate a change in response to 
rarefaction of the atmosphere similar to those occurring with He-02 but of 
lower magnitude and statistically not significant. In fact, the nine subjects 
studied had difference values varying from those reported in our preceding 
paper (i), although they were in some instances greater {Eps, Es, Ips,ls, 
Imf). The variation between subjects coupled with the smaller number of sub- 
jects contributed heavily toward the lack of statistical significance. 

It is apparent from these considerations that average values are not a 
satisfactory means of demonstrating such phenomena to their best advan- 
tage. Although we have attempted classification of our subjects according to 
other clinical data, it has not been possible to obtain high correlations vrith 
the breath velocity data. 

An analysis of the normal incidence of Eps in O2 and the change induced 
by He-02 and altitude in the 12-subject group indicates that: one individual 
showed no pauses under any condition; five showed none in the altitude series; 
four in He-02 and two at altitude gained a pause although normally they 
showed none; one in He-02 and three at altitude gained an increment over 
their values in O2 at normal conditions; four in He -02 similarly showed a 
decrement; and two in He-02 and one at altitude showed no change. 

This type of distribution of incidence of change seems characteristic of 
all the items measured in this study. Correlations were low among the breath 
velocity items and among the clinical test items. There were no correlations 
evident between items in the two categories. 

DISCUSSION 

The search for correlations in these data was made in the hope that cIucj 
to significant factors might be established for further work on indivi u 
with abnormal pulmonary conditions. It was not unexpected that t e c m 
ical data with such a very small range should fail to show correlations, u 
the breath velocity pattern data were expected to yield some interrea i 
ships which might be used in predicting changes in specific ° 

breathing act. It must be concluded that the controlling factors are nu 

and independent. 
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It was impossible to jrortray tlie ‘average’ patterns in this series of data, 
and we feel that the tentative explanations for areal differences in the veloc- 
ity patterns previously given (i) are inapplicable in the face of tire oirvi- 
oiisly independent response of the several variant items. 

The most interesting change in breathing which both rarefaction and 
helium dilution bring about is in the incidence and duration of interphasic 
pauses. As discussed in our report of the effects of altitude on the irreath 
velocity pattern (i), a significant lengthening of the post-expiratory pause 
results from a reduction in the density of the respired gases even though this 
is calculated on the basis of average values which tend to obscure the in- 
dividual reactions. 


Fig. I. CmiULATlVE Ixci- 
BEXCE of Eps at various durations 
grouped in o.j -second intervals. 
Half shaded circles = ground 
level, open circles = altitude 
Pooled data on 41 subjects from 
this and the previous publication 
(i). See text. 


*0f0t9«)W«090X) 10 to tU 

i»» iHcapcHct • cuwjutTrtt nMUnT 



If frequency of incidence of Eps is plotted against duration as a cumula- 
tive percentage, as in figure i, it can be seen that the data* are reasonably lin- 
ear but oriented in such a fashion as to meet the abscissa at about 50 per cent 
for the ground level and at 80 per cent for the altitude group. One may assume 
from the linear character of the positive data that the distribution is normal. 
The relatively small change in slope with rarefaction is an indication that an 
arithmetic displacement of all groups is effected, and that the arbitrarily 
labeled zero category is in reality normally distributed into the negative quad- 
rant of the plot. With a normal distribution oriented in this fashion it is then 
pertinent to inquire into the possible causes for deviation of the zero category 
data and the meaning of the direction of the trend into the negative quadrant 
of the plot. 


' Pooled data on all altitude experiments on 41 subjects. 
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The latter implies that the pause is caused by some function of resnintinn 
which, unlike time (i.e. duration) can have a negative aspect. Perhaos thp 
reasonable factor is the CO2 or O2 tension or both, in the circulating blooTi! 
related to the point of adequacy for metabolism. One may account Wical v 
for the opposite reactions of different individuals to the stimulus given in tli - 
experiments without denying the basic assumption that individuals are 
mally distributed with regard to the ventilatory ability and that they respond 
essentially with an increased pause when other factors permit. 

All the pause data in both He-02 and at altitude show a similar distribu 
tion of incidence although the small sample involved is inadequate for analy- 
sis. The testing of the hypothesis regarding the primary physiological factor 
and its evaluation is possible only through animal experimentation under con- 
ditions of controlled breathing. Such experiments are being undertaken cur- 
rently. 


Fig 2. Sample teaclnc. of 
one respiration of stibjccl 13 at rc't 
breathing heinim-owgen Time 
seconds; horizontal lines ; mm 
apart Ink marks shou reference 
points; inked line indicates zero 
position of flowmeter; inspiration 
is above this baseline, expiration 
below. For further explanation 
see (i). 


The mechanism resulting in post-expiratory pauses as intimated here and 
in our previous paper (i) rests on changes in density since this is the only sig- 
nificant physical change known to have been effected by ascent. We feel that 
the altitude effect should be expected to be smaller, as observed here, than the 
helium-oxygen effect because the acceleration of diffusion of CO2 and 0. in 
helium within the alveolar space, mentioned by Dean and Visscher (3), is 
lacking in rarefied oxygen at the pressure used. This supports their suggestion 
that this factor may be credited, in part, with the observed improvement in 
respiratory exchange in the therapeutic use of such mixtures in asthmatic 
patients rather than the negligible decrease in resistance to flow. They did not 
consider, however, the contribution of mass or density per se in their analysis 
and our altitude tests show that this is a significant factor. 

While the incidence of perceptible post-inspiratory pauses is very lo\v in 
these data, a change similar to that observed in post-expiratory pauses uit 
decreased density, is effected. The existence of such pauses has been ques 


kT-A ... 







k 



- 

■* J 


" 




L! 

_ 


. , 


^ ‘ 



aa, _ 

^ y 


I 




{ 


•' 





r ' Hr " 

J 

% 


..J 


■■t Si I-S. 

4 



■■aeL 

.... .talli At Aw. 

- 





... 





January rpjo 


EFFECT OF DENSITY ON BREATHING PATTERNS 


371 


tioned (13), but there is no physiological basis for denying the possibility of 
their occurrence in some normal individuals (see fig. 2). In contrast to the 
passive post-expiratory pause the hypothetical basis for a density effect on the 
active post-inspiratory pause is not readily drawn. 

A superficially plausible explanation of this phenomenon in our observa- 
tions derives from those of Fleisch (14) in which oscillations in the breath ve- 
locity were found to occur regularly imder certain conditions of relief from 
occlusion or resistance. If the breathing of an unaccustomed light gas can be 
held to similarly affect the reciprocal balance of the pulmonary musculature 
then such oscillations might be expected in certain individuals at any point 
in the breath pattern. Although we have observed them in our recorded breath 
patterns a check on this item in each instance where post-inspiratory pauses 
were reported shows that only a few of the cases in question may be involved 
with such oscillations. The failure of previous investigators to demonstrate 
this phenomenon and the denial that it exists ‘normally’ (13) stems most likely 
from the inertial or hysteritic deficiencies of the flow measuring instruments 
employed. 

The questions raised by the data of these experiments are of such a char- 
acter as to require an intensive analytical approach through animal experi- 
mentation. Such work is being planned, in particular with controlled observa- 
tion of the innervation of the respiratory mechanism. 

SUMMARY 

Breath velocity data obtained in rest and exercise breathing either oxygen 
at 30,000 feet simulated altitude or helium-oxygen mixtures of the same den- 
sity are compared to those obtained breathing oxygen at ground level. De- 
creased density either by rarefaction or gas mixture causes an increase in breath 
velocity and a hastening of the completion of both inspiratory and expiratory 
phases. A helium-oxygen mixture of density equal to that of oxygen at 30,000 
feet altitude has a more marked effect than the latter. The facilitation of pul- 
monary ventilation introduces a post-expiratory pause in some individuals 
and lengthens it in those normally showing such a pause. Post-inspiratory 
pauses are observed to follow the same course but with a much lower incidence. 
Correlations between clinical indices of pulmonary fitness and breath velocity 
data in this selected normal population are essentially random. 

We would like to acknowledge the assistance of H. F. Brubach and N. H. Smith in the 
altitude chamber and in the administration of the physiological tests, Dr. W. C. Dreessen 
in the physical examinations, B. Caminita in statistical computations, and Dr. F. S. Brackett 
for suggestions on presentation of data. The interest and cooperation of the Bureau of Aero- 
nautics and the Bureau of Medicine and Surgery of the U. S. Navy in the prosecution of 
this work are greatly appreciated. 
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Determination of CO^ Content of Mixed Venous Blood 
Entering the Lungs 


C. A, FORSSANDER and COLIN WHITE. From the Dcpartmml 
of Physiology, University of Pennsylvania School of Medicine, Phila- 
delphia, Pennsylvania 


•wMch the dead space is cleared by gervtle suction at the end of an expiration. 
The results agree closely with those obtained from Haldane-Priestley end- 
expiratory samples, and the method has an important advantage in that the 
taking of a sample does not disturb the subject. There is little variation in a 
series of estimations made on the same subject at short intervals (i). This 
technique has now been adapted to the measurement of the CO2 content of 
gas mixtures approaching equilibrium with the mixed venous blood entering 
the Irmgs, and hence to an estimation of the CO2 content of the mixed venous 
blood. It has obviated the conventional lung-bag system, and has thereby sim- 
plified the problem of mixing in the lungs. 

APPARATUS AND PROCEDURE 

The apparatus has been described in detail in a previous communication 
(ij. A modification was made by the addition of an aperture at B (fig. i), on 
to which a Douglas bag could be fitted (capacity imimportant) and into which 
a continuous supply of CO* mixture could be supplied from a cylinder. The 
bag was fitted with an expiratory valve to keep the pressure constant. This 
made it possible, by means of the rotating tap of the apparatus, to carry out 
the following procedures: 

i) At the end of an expiration into room air the tap was turned through 
270°. This closed the opening to room air at A, and opened B which commu- 
nicated with the Douglas bag containing the known CO2 mixture. During the 
course of this rotation the respiratory and instrumental dead space was auto- 
matically cleared by means of the previously-evacuated rubber bulb C. 2) The 
tap was left at this position while the subject took two normal respirations 
from bag B. 3) At the end of the second expiration the tap was turned back 
through 180°. In the meantime the bulb at C had been evacuated, so that at the 
end of this rotation the deadspace was cleared once more. 4) Immediately after 
this an alveolar air sample was obtained by means of the sampling tube H, 
and then the tap was turned through a further 90° so that the subject could 

Recdved for publication December 14, 1949. 
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breathe room air. If the movements were carried out rapidly therp n 

interference with normal breathing, and the subject was not conscious nf^r 
procedure. 

The experiments were aU carried out on 5 subjects, in an air-conditioneri 
room at a constant temperature of 76° and humidity 54 per cent. The ewer 
meat was repeated using various concentrations of CO2 in the Douglas 
and employing each concentration two or three times. Each experiment lasted 
only about one minute, and there was a pause of a few minutes between surrPt. 
sive experiments. 

In addition to the above, two or more samples were taken for the estba- 
tion of the arterial CO2 tension, and expired air was collected for the determi- 
nation of the CO2 output. If the CO2 tension of the inspired mixture is within 



Fig. I. iNiiT-OTJTMT for normal breathing to 
room air. Suspended at the aperture is a piece of latex 
to indicate phase of respiration. B. Communication 
with Douglas bag containing CO2 mixture. C. Rubber 
bulb of 180 cc. capacity which communicates by a 
separate pathway with the mouth, at F. D. Clip to 
close off bulb if required. B. Valve to facilitate evacua- 
tion of C. F. Lead to sucb’on bulb. G. Lead to 
sampling tube. E. Sampling tube with two evacuated 
barrels. 


some 10 mm . Hg of that expected in the mixed venous blood, the CO2 content 
of the samples of expired air does not vary widely, and is presumably close to 
that of a gas in equilibrium with venous blood. We have attempted to identify 
this more accurately in the following manner. If one plots the difference be- 
tween the CO2 tension of the alveolar air and the CO2 tension of the inhaled 
gas as ordinate against the CO2 tension of the inhaled gas as abscissa, 
one finds, as Ewig and Hinsberg claimed (2), that the relationship of ^ 
two variables is approximately linear. We have found experimentally t at 
this linear relationship holds good in the region of the a:-axis; therefore at t e 
point where the line crosses the a;-axis, the value for the tension 0 
alveolar air is the same as that for the CO2 tension of the inspired gas. 

The experiment begins with the clearance of the deadspace by suction 
the end of an expiration, so that the gas then remaining in the 
system already has a CO2 tension as high as the arterial level. One rea 


January 1950 


VENOUS ALVEOLAR AIR 


375 


mixture is then taken and expelled, and an opportunity is thus provided for 
CO2 to diffuse from both the inspired air and the venous blood into the inter- 
mediate zone of air, and to raise the 


CO2 tension of the latter before the 
subject takes the second and final 
breath of the experiment. g 


RESULTS 


In table i we present the re- 1 0 — ^ " 

suits of a series of 54 experiments, o - % 

carried out over several days, on a ^-1 ’ 

subject with an average respiratory ■^wie.txcju. mu ts 



rate of 8 per minute. In each ex- ^ 
periment the concentration of the 5,1. 
inspired CO2 was adjusted so as to | . 
be within a small range of the ex- 
pected venous level, and the alveo- | . 
lar sample was taken at the end of * 
the second expiration. It will be ^ 
seen that the variation in alveolar 4 
CO2 on each day was small, and 
that the values obtained were 


ALVEOtAR 

swSTecTR.p.SErri 
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scarcely affected by the CO2 con- 
centration of the inspired air, 
though there is evidence that the 
alveolar CO2 increases slightly as 
the concentration of the inspired 
CO2 is raised. 

An especially important fea- 
ture is the low variation obtained in 
' the alveolar CO2 tension when re- 
: peated estimations are carried out 

with the same inspired mixture. 
: This variation is no greater than 

that obtained when the subject is 
breathing room air. 

Table 2 shows the results ob- 
' tained when a larger range of in- 



Fig. 2. A sAMPiE WAS TAKEN OH each subject 
at the end of the second normal breath of a known 
mixture of COi and oxygen. This was repeated two 
or three times with the same mixture, and then re- 
peated with inaeasing concentrations of COj. The 
drdes at the upper end of the line represent the 
lower concentrations of inspired gas, which are 
^ven in table 2. 


; spired concentrations was used, and from these results we have calculated the 
^ CO2 tension of the venous alveolar air in a series of five healthy subjects. In 
routine estimations it would not be necessary to use as many inspired mix- 
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Table i. A semes of 54 separate experiments on subject C.W. inspiring COj concenieatioxs 

IN A SMALL RANGE CLOSE TO THE EXPECTED VENOUS LEVEL. SUBJECT BASAL. EXPIRED SAMPLE 
TAKEN AT THE END OF TWO NORMAL BREATHS 
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Tabix X. — Continued 


DATE 

expexeuent 

mSPlSHTD 

COa 

AlVrOLAS' 

CO, 

UEAK AtVEOIAa 

COj 



% 

% 

% 

mm. Be 

Aug. 23 

I 

6.44 i 

6.84 

6.84 

49.4 


2 

6.44 

6.54 




3 

6.44 

6.84 




4 

6.44 

6-75 



Aug. 23 

I 

6.70 

6.81 

6.83 

49.2 


! 2 

i 6.70 

! 6.83 




3 

6.70 

6.94 

1 



4 

6.70 

6.7s 



Aug. 23 

I 

6.70 

6.79 

6.80 

49.2 


2 

6.70 

6.86 




• These samples are termed 'alveolar’ samples even though the subject is breathing COa 
mixtures, and not room air. 


tures as were employed in these experiments. The alveolar COa percentages 
recorded in the table are means of either two or three estimations. 

As already indicated the required venous value can be obtained by finding 
the value of COj tension of the inhaled gas at which the diSerence (CO2 tension 
of inhaled gas — COj tension of alveolar air) would be zero. There is, however, 
a simpler practical method of deriving the result. 

If there is a linear relationship between the difference (CO2 tettsion of 
alveolar air - COz tension of inspired gas) and (COj tension of inspired gas), 
there is necessarily also a linear relationship between the same difference and 
{COz tension of alveolar air). The two lines plotted on the same diagram would 
have different slopes but would cross the x-axis at the same point, for if: 

Ic = the COs tension (corrected for absorption of oxygen) of the inhaled gas, 
and ’ 

Av ~ the CO2 tension of the alveolar air, then if 

Av-Ic ~ mic + K (x) ijvhere m and K are constants 

then Av-Jc + m {Av-Ic) ~ mIc + K -tr m {Av-Ic) or (i + m) {Av-Ic) ~ 

inAv -\- K ox Av — Ic — — ~ — Av -I — — M 

X in X -{■ in ^ 

Result 2 shows that there is a linear relationship between {Av-Ic) and Av. 

fTt' 

The slope— is different from that of line i but the two lines each cross the 

a;-axis at the point where the abscissa is ~~ This result is of interest, because 

when one sets out in adjacent columns the corresponding values for {Av-Ic) 
and Av the range m Av is seen to be very smaU, and it is easy to select with 
accuracy the value of Av which corresponds to zero value of {Av-Ic). 
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SUBJECT 

DATE 

EESF. 

HATE/iON, 

arterial 
alveolae 
■ AIR COj* 

INSPIRED 

COi ic 

ALVEOLA! 
COi AV 1 

; UirrEREKCE 
IC-AV 

'•ntru,' 

'TSOtS 
ALITOm 
AH CO) 

C.W. (basal) 

Aug. 25 

8 

% 

S-8o 

% 

4.60 

5-20 


+2.08 

+1.46 

6.97 





6.60 

6.92 

+0.32 






7-32 

6.99 

- 0-33 






7.70 

7.07 

-0.63 


R.D. (non-basal) 

Aug. 28 

20 


4-36 

6-39 

+2.03 

6.41 





4-97 

6.31 

+ 1-34 





6.3s 

6.42 

-fo.07 






6.74 

6.36 

_ 4 — 

-0.38 ' 






7.00 

6.63 

-0.37 


R.D. (basal) 

Aug. 30 

16 

S-6o 

4-03 

6.16 

+2.13 

6.62 





4-97 

6.41 

+ 1-34 






6-35 

6-59 

-ho. 24^ 






7-03 

6.6s 

-0.38 






7-79 

6.72 

— 1.07 


R.D. (non-basal) 

Sept. I 

16 

i 

5 -S 4 

4-97 

6.3s 

6.14 

6-33 

-fi.17^ 

-0.03 

6.30 





6.56 

6.41 

-o.is 


R.D. (non-basal) 

Sept. I 

26 

S-8o 

4.42 

6. SI 

-|-2.09 

6.6s 





4.97 

< 5-43 

■fx.46 






6-35 

6-55 

-t-0.20 






6.56 

6.66 

-ho. 10^ 






7,46 

6.63 

-0.83 


W.J.R. (basal) 

Sept. 2 

9 

4.90 

4-97 

S -72 

+ 0 - 75 ^ 






6-35 

6.01 

- 0-34 






6.6s 

6.18 

-0.47 






7 -SS 

6.99 

-0.56 


D.J.O. (basal) 

Sept. 6 

14 

4.92 

4.42 

S.8o 

-hi .38 

6.20 





4-97 

S.81 

-ho. 84^ 






6.3s 

6. II 

—0.24 






7 -SS 

6.41 

-1. 14 


R.P.F. (basal) 

Sept. 6 

24 

S-I 3 

4.42 

S-So 

-hi. 08 

S '90 





4-97 

S-81 

-ho. 84^ 






6.3s 

6.02 

- 0-33 






7 -SO 

6.0s 

-I- 4 S 




‘ Each value represents the mean of two or three separate determinations. *- IriSicalf* 
the range within which equilibrium has occurred. 


In table 2 we have included the venous values obtained by simple inspec 
tion and interpolation of the tabulated analysis of alveolar CO2. In figure 2 1= 



January igyo 


VENOUS ALVEOLAR AIR 


379 


shown the alternative method of deriving the result graphically in a random 
selection of 6 of tlie experiments. 


DISCUSSION 

Gladstone (3) pointed out the importance of the deadspace in his esti- 
mations of the mixed venous blood, and regarded it as the only obstacle to 
rapid mixing. He believed the lungs to be fully ventilated within 10 to 12 
seconds, and stressed the importance of completing the equilibration procedure 
during that time owing to the danger of recircxdation. The present authors 
agree with this reasoning and in developing their technique have found that 
the use of oral suction gives a satisfactory clearance of the deadspace, and en- 
ables the procedure to be completed within 10 to 15 seconds. 

Recently Gray, Bing, and Vandam (4) have summarized the necessary 
qualities for an equilibration procedure in the light of their own experience. 
They say that the procedure should be simple enough for young subjects, and 
should be completed before recirculation of COj begins. They point out that 
the presence of cardiac septal defects increases the possibility of early re- 
circidation, and that therefore the pulmonary blood must be oxygenated so 
that constant 'virtual’ values are obtained; the procedure must allow of ade- 
quate ‘mixmg’ during the short time available; and finally, the procedure itself 
must not be a cause of changes in the cardiac output. 

Since the composition of the blood returning to the right side of the 
heart is subject to the influence of a wide range of arterio-venous differences 
in the blood returning from the various organs, a sudden alteration in the 
relative amounts entering from the superior and inferior vena cava would 
almost certainly affect the composition of the mixed venous blood. For this 
reason any form of cooperation from the subject is to be discouraged, and 
only the normal respiratory movements of the subject should be used for 
introducing the CO2 mixture. The technique must be such that the required 
values can be obtained within two respirations on a slow-breathing subject. 

The method we have described fulfils these conditions, and we are apply- 
ing it to an investigation of cardiac output, which wiU form the subject of a 
separate communication. Since no cooperation is required the technique is 
suitable for use on animals. For clinical cases of unknown acid-base balance 
and unknown A-V difference (e.g. in congenital heart disease), a suggested 
routine would be: — Subject basal, and recumbent for thirty minutes before 
the procedure, i) Three alveolar air samples. 2) Six per cent CO2 in o^gen 
inhaled, sample taken at the end of the second expiration. Repeat. 3 ) Repeat 
with 6.5 per cent CO2. 4 ) Repeat with 7 per cent CO2. (These inspired mix- 
tures need only be approximate, so long as their composition is known). 

This takes a total of about 25 minutes, and involves nine samples for 
analysis. Two minutes pause should be allowed between each sample. CO2 



380 


C. A. FORSSANDER AND COLIN WHITE 


Voiur.'} 

output is measured by collecting expired air in a spirometer and analyzuio 
the contents for CO2. 


SUMMARY 

A technique for sampling alveolar air, developed in a previous communi. 
cation, has been applied to the determination of venous alveolar air. This 
presents a means of determining cardiac output indirectly by applying the 
Fick principle, which accords with the requirements of a method suitable for 
use on inexperienced and uncooperative subjects, and experimental animals. 

We are indebted to Dr. H. C. Bazett for his interest and critical advice during tht 
course of this investigation, which was carried out with the aid of a grant from the American 
Heart Association. 
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Studies ou Acid-Base Balance Before and During 
Repeated Exposure to Altitude, or to Hypoxia 
and Hyperventilation^ 

J. H. BOUTWELL* C. J. FARMER and A, C. IVY.» From the 
Departments of Physiology and Biochemistry, Nortfmestern Univer- 
sity, Chicago, Illinois 

T 

X.N coNjtJNCTiON ‘mTH SOME STUDIES of the effect of exposure to high alti- 
tude on the metabolism of ascorbic acid, it was felt advisable to study possible 
changes in the acid-base balance of the body. This seemed nesessary in ^dew 
of the work of Hawley (i) who has shown the dependence of ascorbic acid 
excretion on the pH and alkaline reserve of the blood. 

J. B. S. Haldane (2) and others have shown, as early as 1918, that when 
an individual is subjected to low pressure or hypoxia the urinary excretion of 
ammonia is greatly decreased. Sundstroem {3) in his studies on himself on the 
high level plateaus of southwestern United States and upon Pike’s Peak, ob- 
served at first a decrease m the production of NH3 and then on Pike’s Peak a 
considerable temporary increase, due “to the failure of the kidneys to excrete 
the fixed alkalies to a sufficient extent.” 

There has been, at least up until 10 years ago, considerable disagreement 
among various investigators as to whether the acidotic effect which is observed 
in terminal asph3Tcia, is present in compensated anoxia and not in evidence due 
to acapnia and resultant alkalosis of hyperventilation. 

Renal salt loss may be due, not only to the relative alkalosis of acapnia 
(4), but also to previous loss of body water (5) which has been demonstrated 
in rats (6). Water intake and salt intake were not controlled during this study 
so an increase in salt output may not be correlated with a loss of body fluid or 
salt. Sundstroem (3) found also that during the first few days of his exposure 
to high altitudes the body retained phosphorus, i.e. he had a positive phospho- 
rus balance. As he became acclimated, however, this changed to a negative 
balance. 

In 1920, Haggard and Henderson (7) coined the expression 'respiratory X’ 
by which they designated the substance which stimulates the respiratory 
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center in anoxia. At that time they and others emphasized the fact that aft 
exposure to anoxia and the development of the acapnia and alkalosis 
ney restores the H2C03:NaHC03 ratio of blood by excretion of NaHCO ( • 
other Na salts). Then upon returning to normal 0, tension of the air resnk 
tion IS depressed, and acidosis, as defined by the high H2CO3: NaHCO raf 
occurs. ’ ’ 


PROCEDmiE 

Investigations were made on two groups of subjects. 

Group I. This group consisted of ii male medical students, ages 20 to 26 
These men were placed on a hospital diet, consisting of 3 different menus, oc- 
curring in sequence. These diets were controlled in all respects except the in- 
take of water and salt. Control observations were made on the group between 


Table i. Groups i and n , control and exposure periods 


PERIOD 

DATE STARTED 

DATE ENDED 

Group I 



ist Control 

8 / 3/42 

8/28/42 

2nd Control 

9/14/42 

9/27/42 

Exposure to 18,000 ft., no oxygen 

9/28/42 

11/29/42 

Exposure to 18,000 ft, with oxygen 

11/30/42 

12/ 7/42 

Post-exposure control period 

12/ 8/42 

12/17/42 

Group II 



Pre-exposure control 

1/18/43 

1/29A3 

Hyperventilation 

1/30/43 

2/10/43 

Exposure to 35,000 ft. with oxygen 

2/15/43 

3/13/43 

Post-exposure control period 

3/13/43 

3/19/43 


August 3 and August 28, 1942, This constituted the first control period. After 
2 weeks' vacation the group was returned to the hospital diet and observations 
made between September r4 and September 27, 1942. This constitutes the 
second control period. On September 28th, exposure to a simulated altitude of 
18,000 ft. without oxygen was started. These exposures were made 3 times 
weekly. The ascents required about 45 minutes which included a devel-oS 
period at 10,000 ft. After being at 18,000 ft. for about 60 minutes, the descent 
was made in approximately 3 -^ hour. On November 29, the last ascent without 
oxygen was made. On and after November 30 the ascents were made to 18,000 
ft. with oxygen supplied. On December 7 > ^®st ascent with oxygen was 
made. Observations were continued from December 8, 1942) to December 17, 
1942, and these constitute the post-exposure control period. 

Group II. This group consisted of 7 male medical students, ages 20 0 2> 
These men were placed on the same diet, except that it contained 141 ea 
of 91 mg. of ascorbic acid. Their diet was controUed except for the consump- 
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tion of water and salt. Control observations were made on this group between 
January 18 and January 29, 1943. This constitutes the pre-exposure control 
period. On January 30, February i, 4, 8 and 10 the group was subjected to 
vigorous hyperventilation for a period of one hour. The rate of breathing was 
paced by a metronome at 40 respirations per minute, with maximum volume 
exchange. Occasional rest periods of 1 or 2 minutes were permitted when signs 
of tetany appeared. This period from January 30 to February 10 constitutes 
the hyperventilation period. On February 15 ascents to 35,000 ft. with oxygen 
supplied by face masks from take-oS to landing were instituted. The time spent 
at 35,000 ft. varied from one minute to 70 minutes. This variation in exposure 
was due to occasional occurrence of ‘bends.’ These exposures were continued 
3 times weekly vdth one omission until the last ascent on March 13. From 
March 13 to March 19, observations were continued, constituting the post- 
e.xposure control period. 

The first group was subjected to a simulated altitude of 18,000 ft., which 
corresponds closely to 10.5 per cent Oj. The second group was taken to a simu- 
lated altitude of 35,000 ft. but supplied pure O2 by B.L.B. masks. These con- 
ditions give by calculation, using 47 mm. as vapor tension of water and 39 mm. 
as the partial pressure of CO2 in the alveoli, an alveolar concentration of 9.7 
per cent O2 at 18,000 ft. Using 47 mm. Hg water vapor pressure and 28 mm. 
as the partial pressure of COj in the alveoli at this altitude gives 13.5 per cent 
O2 in the alveoli at 35,000 ft. with O2 masks. At sea level the O2 in the alveoli 
is 14.5 per cent (8). These calculated values ignore the factor of the actual 
extent of alveolar and inspirational air mixing. Assuming the values for vapor 
pressure of water and partial pressure of CO2 as given, the calculated alveolar 
O2 concentration is maximal. Thus even at 35,000 ft. with pure O2 there is some 
anoxia. The production of an anoxemia will depend upon the individual re- 
sistance, volume exchange, etc., and occurs as indicated by the oximeter in 
some of our subjects. 


METHODS 

Analyses of the 24-hour collections of urine were made for total fixed base 
(Na, K, Ca, Mg), ammonia and phosphate. The total fixed base was deter- 
mined by the method of Stadie and Ross (9), slightly modified. 

Urine ammonia was determined by the method of Sergeev (10). Pre limin ary 
tests indicated the reliability of this method from the viewpoint of recovery 
of added ammonium salt. Later, upon more extended use, it was found to be 
unreliable for absolute amounts of ammonia in the urine. The method involves 
nesslerization and contrary to the claims of the author there is a considerable 
amount of non-ammonia chromogenic material in urine. This will be discussed 
later with reference to the results obtained. Urine phosphate was determined 
by the method of Youngberg (ii) modified for the photelometer. This deter- 
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mination was added to the proposed list because of an increased ferric dJ] - 
phate precipitate during the removal of phosphate as required by themetJ'^i 
for total fixed base. 

Determinations of urinary ketone bodies were made and routinely the 
FeCla test for acetoacetic acid was used. ^ 

Often, in Group I especially, a positive test was obtained. These urines 
were then analyzed for ketone bodies. At no time, however, was an increased 
excretion noted. After several urines had been analyzed with negative results 
the cause of the positive FeCk test was found to be the unreported ingestion' 
of salicylates to alleviate headache on the part of several of the subjects. When 
this practice ceased, the positive FeCls tests were not foimd. 


Table 2. Results OBTAruED on group r, two control periods and nine weeks of exposure 



DATE 

STARTED 

( 1942 ) 

DATE 

ENDED 

( 1942 ) 

A 

TOTAL TIXED 
BASE 

B 

AMMONIA 

c 

PHOSPHATE 

D 

VOLUME 

Control I 

8/3 


2378 

368 


1547 

Control IT 

9/14 


2654 

507 

1.08 

1547 

Exposure week i 

9/28 

10/4 

2242 

508 

0.96 

1487 

2 

lo/S 

lo/ll 

2474 

290 

1.08 

1531 

3 

10/12 

10/18 

2318 

471 

1.03 

1575 

4 

10/19 

I0/2S 

2638 

536 

1.04 

1574 

S 

10/26 

Il/l 

2429 

642 

1.04 

1427 

6 

11/2 

11/8 

2589 

623 

r.24 

1543 

7 

ii/g 

11/15 

2692 

668 

1. 10 

1457 

8 

11/16 

lT/22 

2649 

6 S 7 

I.IO 

1513 

9 

11/23 

11/26 

2837 



1534 


Note: Total fixed base is expressed in cc. of loth normal base/ 24 hours. Ammonia is 
expressed in cc. of loth normal base/24 hours. Phosphate is expressed in gm. of P excreted/14 
hours. Volume is expressed in cc. All values are averages of ii subjects for the period 
indicated. 


RESULTS 

In reporting the results, ‘significance’ and kindred words are used in their 

statistical sense, . 

Table 2 summarizes the results obtained on Group I, 2 control peno s 
and 9 weeks of exposure. No determinations were made during the expostu^ 
with oxygen or after cessation of exposures. It can be seen in Column A an 
that the first and second control periods differ significantly in both tota xe 
base and ammonia. For the purposes of this investigation the secon pen 
of control is taken as a base line and significance of variation base on 
values. Phosphate determination was started in the second contro per 
will be seen from Column A that there is an initial decrease in total hxe 
which was reversed irregularly until the fifth week of exposure, rom 
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the end of the exposure period the amount of total fixed base excreted was 
significantly higher than the control period. From Column B, it will be seen 
that the amount of excretion of ammonia (Nessler reagent chromogen) is not 
significantly decreased in the first 3 weeks and later increased to a statistically 
significant degree to the end of exposure regime. From Column C, it will be 
noted that phosphate excretion follows the same pattern, at first a significantly 
decreased excretion and later, this time in the sixth week, a very sudden and 
marked increase in excretion. The urine volume (Column D) for twenty-four 
hours is not significantly altered. 

Table 3 summarizes the results obtained on Group II. From Column A it 
can be seen that the amount of total fixed base excreted is markedly increased 
in the hyperventilation period and during the subsequent exposures to high 
altitude does not decrease but remains higher than during the control period 
and continues to increase slowly up to and after the last exposure. The ammo- 
nia excretion (Nessler’s reagent chromogen), (Column B), is not altered by 
the hyperventilation but by continued exposure to the high altitude (ist, 2nd, 
3rd week) the amount excreted is increased significantly. In the fourth, and 
fifth weeks there is a slight drop not statistically significant. Phosphate excre- 
tion (Column C) increases markedly during the hyperventilation period, de- 
creases in the first week of exposure and thereafter increases slowly to the end 
of the exposure period. There is no significant variation in the 24-hour volume 
of urine. Recent determinations indicate that to of the Nessler reagent 
chromogenic material in urine is not ammonia. Thus the variations which have 
been noted may have been in the non-ammonia fraction of the chromogenic 
material. Or again the variations may have been in both ammonia and the 
other chromogen, or in ammonia alone. 

DISCUSSION 

Group I. It has long been known that exposure to anoxia produces hyper- 
ventilation and resulting alkalosis. This is borne out in this investigation by 
the increased excretion of fixed base. This hyperventilation alkalosis is also 
known to decrease excretion of ‘acid metabolites’ such as ammonia and phos- 
phate. This phenomenon is noted in this investigation only as a very imme- 
diate effect. Later in the period of exposure the acid metabolites are increased. 
This would seem to indicate an acidotic condition, at least metabolically. 

Group II. This group was subjected to a series of hyperventilation periods 
before the exposures to 35,000 ft. were initiated. In this series of hyperven- 
tilation periods the increased total fixed base excretion is paralleled by the 
increased excretion of acid metabolites. These values, of course, are on the 
24-hour excretion. Thus any immediate effect may be marked by a later com- 
pensatory effect in the opposite direction. In Group II there is no immediate 
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decrease in the values of total fixed base and phosphate such as was noticed • 
Group^ I. This may be due to the conditioning received in the hyperventilatio*! 

The explanation for the seeming conflict between the excretion oi an 
increased amount of total fixed base and also of the acid metabolites, ammonia 
and phosphate lies, quite probably, in the fact that during hypoxia, the hyper 
ventilation produces a primary CO2 deficit and a relative alkalosis. Upon 
restoration of the normal oxygen tension the ‘rebound’ acidosis due to decrease 
in rate of respiration stimulates the production of acid metabolites, ammonia 
and phosphate buffer. 

McCance (12), in reporting experimental human salt deficiency, included 
some experiments in hyperventilation which are interesting. He reported no 
change in phosphate excretion. This, however, was on the immediate samples 
of urine, not 24-hour specimens. The rebound acidosis might well bring the 


Table 3. Results obtained on group ii 



DATE 

DATE 

A 

B 

AUUONU 



FEKXOD 

STARTED 

( 1943 ) 

ENDED 

( 1943 ) 

TOTAL FIXED 
BASE 

PHOSPHATE 

D 

VOL. UlDl 

Control 

1/18 

1/26 

2343 

SSO 

1.03 

HH 

Hyperventilation 

2/s 

2/1 1 

288s 

SS2 

1.29 


Exposure week i 

2/14 

2/20 

2931 

624 

1. 17 


2 

2/21 

2/27 

2871 

717 

1.20 


3 

2/28 

3/6 

2994 

647 

1. 19 


4 

3/7 

3/13 

3150 

58s 

1.23 


S 

3/13 

3/19 

3414 

604 

1.26 



Note: Total fixed base is expressed in cc. of loth normal base/24, hours. Ammonia is ex- 
pressed in cc. of loth normal base/24 hours. Phosphate is expressed in gra. of P exciettipi 
hours. Volume is expressed in cc. All values are averages of 7 subjects for the period in- 
dicated. 

phosphate excretion above normal. This, however, needs further study which 
might be done by analyzing hour by hour samples of urine in a few cases of 
exposure to 18,000 ft.; 35,000 ft. with O2 and hyperventilation. Data collected 
on this point on hyperventilation studies on 2 subjects tend to confirm the 
rebound acidosis hypothesis. 


SUMMARY 

The 24-hour urines of groups of male medical students have been analyzed 

before and during exposure to high altitude at 18,000 ft. without O2, to hj^e 
ventilation and to high altitude at 35,000 ft. with O2. Excretion of tota xe 
base, after an initial decrease, increases with repeated exposure to i • 
Excretion of total fixed base increases as a result of hyperventilation, x 
tion of total fixed base increases as a result of exposure to 35 )°°° 
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gen. Excretion of acid metabolites, ammonia and phosphate parallels the excre- 
tion of total fixed base in all cases. There is no significant variation in the 
24-hour urine volume. The data indicate that a rebound acidosis follows the 
period of acapnic alkalosis and that there is a continuous increase in the ex- 
cretion of fixed base as well as in that of the acid metabolites. 

REFERENCES 

1. Hawley, E. E., R. G. Daggs, and D. G. Stephens. J. Nnlrilion 14: 1, 1937; HAmEY, 
E. E., J. P. Fraser, L. L. Button and D. J. Stephens. J. Nulritim 12: 215, 1936. 

2. Haldane, J. S., A. M. Kellas and D. M. Kenneway. /. Physiol. 53: 181, 1919. 

3. SuNDSTROEU, E. S. Uiivo. Calif. Puhl., Physiol. 5; 121, 1919. 

4. Henderson, Y. Sdtiux 49: 431, 1910. 

5. Peters, J. P. Body Water. Springfield, HI.: Charles C Thomas, 1935. 

6. Swann, H. G., W. D. Collings, J. K. Cune and C. U. Dernehl. Science 96: 588, 1942. 

7. Haggard, H. W. and Y. Henderson. J. Biol. Chem. 43: 3, 1920. 

8. Van Liere, E. J. Anoxia, Its Effect o)\ the Body. Chicago Univ.; Chicago Press, 1942, 
p. 102. 

9. Stadie, W. C. aot) E. C. Ross. J. Biol. Chetn. 65: 735, 1925. 

10. Sergeev, V. S. Lab. Prakl. {U.S.S.R.) 16, No. 6, 22-3, 1941; Sergeev, V. S. Chem. Ab- 
stracts 36: 5194*1 1942. 

11. Youngberg, G. E. and M. V. Yodngberg. J. Lab. & Clin. Med. 16: 158, 1930. 

12. McCance, R. A. Lanul 230: 823, 1936. 





Effect of Repeated Exposure of Human Subjects to Hypoxia 
on Glucose Tolerance, Excretion of Ascorbic Acid, 
and Phenylalanine Tolerance^ ’ 


J. H. BOUTWELL,* J. H. CILLEY, L. R. RRASNO. A. C. 
AND C. J. FARMER. From the Departments of Physiology and Bk. 
chemistry, Northwestern University, Chicago, Illinois 

Q 

i^iNCE CARBOHYDRATE METABOLISM is closely related to oxidative mechan- 
isms and is easily followed by comparatively simple methods, the glucose toler- 
ance of subjects exposed repeatedly to h3^oxia was investigated. Leipert and 
Kellersman (i) have reported that glucose tolerance at low pressure (simulated 
i8,ooo-ft. altitude) is decreased in the hypoglycemic phase. They interpret this 
as a tendency toward decreased assimilation of glucose by the tissues. We have 
attempted to confirm their observations. 

Considerable variation in the excretion of ascorbic acid in subjects 
exposed to hypoxia at low pressure has been reported by Krasno et al. (2) and 
confirmed later both in this laboratory and elsewhere. The ascorbic acid phase 
of this study is primarily an extension of these previous reports. 

An increased excretion of substances reacting with 2,4-dinitro-phenylhy- 
drazine (keto-substances) was observed in this laboratory in a few subjects re- 
peatedly exposed to 18,000 ft. without supplemental oxygen (3). Sealock and 
Silberstein (4) have extensively investigated the relation of ascorbic acid to 
the metabolism of the aromatic amino-acids. Since an anomaly in ascorbic acid 
has been observed in a few subjects after repeated exposure to hypoxia, it 
seemed advisable to investigate the excretion of keto-substances of our sub- 
jects with oral administration of an aromatic amino-acid phenylalanine. 


PROCEDURE 

Six human, male subjects, ages 20 to 27 years, maintained on a fixed diet 
controlled as to the fat, carbohydrate and protein content, as well as vitamin, 
mineral and water intake, were used. These subjects were maintained on this 
diet, without exposure to hypoxia for a period of 4 weeks, after which they 
were exposed 3 times weekly for 1.5 hours to a simulated altitude of 18,000 t. 
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■without oxygen inhalation in a decompression chamber, To-ward the end of 
the exposure period, "which lasted 7 weeks, they were exposed 6 times weekly 
for 3 weeks. Ground level observations and determinations were made twice 
on glucose tolerance, ascorbic acid excretion and phenylalanine tolerance dur- 
ing the control period. During the exposure period, glucose tolerance was de- 
termined weekly, a total of 7 times, the ascorbic acid excretion twice 
and hourly for 24 hours, and the phenylalanine tolerance 3 times. No observa- 
tions were made during the post-exposure period. Exposure to low pressure 
was made each time at least 2.5 hours after the preceding meal. 


METHODS 

Glucose Tolerance. Seventy five gm. of glucose in 500 cc. of water were 
given to each subject 30 minutes before the exposure period was initiated. 



Fio. I. Glucose tolerance of Fig. 2. Ascorbic acid excretion dur- 

control and exposure groups. ing control and exposure periods. 


The control tests were made under similar conditions -without exposure. 
Finger blood glucose was determined at o, 0.5, i, 1.5, 2 and s hours after in- 
gestion of the glucose. Glucose was determined by the method of Hagedom 
and Jensen (5). 

Ascorbic Acid Excretion. Excretions were determined on hourly samples 
of urine collected during a 24-hour period. The sum of these excretions is 
the total daily excretion. 

Phenylalanine Tolerance. Four grams of D,L-phenylalanine were given 
orally in suspension in water or tea about 30 minutes before commencing 
the ascent in the decompression chamber. This dosage had been previously 
found to give a moderate increase in excretion of keto-substances (substances 
reacting with 2,4-dinitro-phenylhydrazine), the increase being due, at least 
in part, to phenylpyruvic acid and p-hydroxy-phenylpyruvic acid. This was 
determined by isolation of the acids and determination of their melting points 
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and of the purified hydrazones by Dr. Theodore Friedemann. The excrof 
was determined on hourly samples for 14 hours, beginning 2 hours precede 
and for 12 hours foUowing ingestion of the phenylalanine, using the 
of Penrose and Quastel (7), adapted by use to the Evelyn photoelectric colo? 
imeter. The test dose was given at the same time of day during 

the pre-exposure and the exposure period, and one hour before ascent in the 
altitude chamber. 


RESULTS 

Glucose Tolerance. The averaged results (4 control and 6 exposure tests) 
are shown in figure 1. They fail to reveal a significant variation in the response 
observed during the exposure period as compared to the control period, 
The blood sugar values, however, are consistently higher during the e.r- 
posure tests. 


Table i. Data sho'wing that 4 gm. op phenylalanine given orally increases the crinaky 


OUTPUT OF SUBSTANCES REACTING TO 2,4-DINITROPHENYLHVDRAZINE 


1 

1 

SUBJECTS j 

1 

NO. TESTS 

i 

OUTPUT OP KETO-SUBSTANCES 

Control 

24-hour excretion aiter 4 gm. phenyWamnt 

Av. 

Range 

1 

Tests 

1 2 

1 ' 




mt. j 


m{. 



II 

119 

59-161 1 

256 

187 

272 


II 

131 

111-161 

260 

225 

209 


13 

86 

72-106 

373 

329 

3°9 


13 

129 

88-165 

30s 

339 

346 


Ascorbic Acid Excretion. In figure 2, the averaged results obtained from 
assaying the hourly output of ascorbic acid in the urine of the subjects for 
24 hours is graphed. Curve A represents the results during the control or pre- 
exposure period. The average excretion during this period was approximately 
49 mg. Curve B represents the results during the last 2 weeks of the exposure 
period. The average excretion during this period was approximately 20 mg. 

Similar results were recorded in the group of subjects exposed to 18,000 
ft. and on the same intake of ascorbic acid, 91 mg. (8). 

Phenylalanine Tolerance. To determine the dose of phenylalanine t at 
would result in a slight but definite increase in the output of keto-substances, 
4 subjects kept on a constant diet were used. They were different subjec s 
from those being used in the present anoxia study. The output was determine 
on control days and after the administration of i and 2 gm. of phenyla anine 
and after the administration of 4 gm. The 4-gm. dose was the ° y 

to give an increased urinary output of keto-substances. This is us r 

by the data in table i. 
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Data obtained by giving 4 grams of phenylalanine to the subjects during 
the pre-exposure and exposure period are shown in table 2. It is clear that 
the repeated exposure to anoxia did not affect the phenylalanine tolerance 
in these subjects^ even though the output of ascorbic acid in the urine aver- 
aged approximately 20 mg. daily at the time. 

DISCUSSION 

The results of the glucose tolerance tests indicate that there was no de- 
cided change in the ability of the tissues to assimilate glucose under these 
conditions of hypoxia at low pressure. Thus we were not able to confirm the 
observations of Leipert and KeUersman, that a decrease in the oxygen tension 
abolished or minimized the hypoglycemic phase of the tolerance curve. In 


Table 2. Excretion of PHENYLPVRnvic* ntmiNG 14 hours after test dose of 4 gu. 


SUBJECT 

COJH^OL TEST 

TEST DUKIXO PEiJOD OT EWOSURg 

A 

i B 

1 

c 1 

D 

E 

I 

1 

202 

1 

187 


207 

ISO 

2 

! 1 S 4 

1 


140 

I 2 I 


1 iqS 

i6s 

203 1 

206 

iq6 

4 

l6s 

114 

183 1 

no 1 

147 

5 ' 

237 

260 

274 

304 

249 

6 

176 

154 

188 

134 

HI 

Av. excretion for group 

181 

1 

183 


1 The figures refer to the total excretion of substances reacting with 2, 4 ^ 1 initrophenylhydrazine, 
expressed as milligrams of phenylpyruvic acid, during 2 hours before and 14 hours after administra- 
tion of 4 gm. of phenylalanine. 


fact, on the average our group of subjects manifested no hypoglycemic re- 
sponse to the test dose. They may have been due to the difference in length 
of exposure, and to the fact that these German subjects were under consider- 
able psychic stress (such as writing tests) which was absent under our 
conditions. 

Ascorbic acid excretion, when the daily intake is 91 mg., is decreased 
by repeated exposure to hyposa. This is most likely due to an increased 
utilization of the vitamin as a result of exposure to hypoxia. The decreased 
excretion of ascorbic acid was not confined to the period of relative hypoxia, 
but, as the graphs of hourly excretion show (fig. 2), was low throughout the 
24-hour period. 

The tolerance to phenylalanine was not changed imder the experimental 
conditions to which these subjects were exposed. The few subjects who in a 
previous study by Krasno showed a hydroxyphenylketonuria, a finding which 
prompted this study, were medical students who were under the stress of 
examinations in school as well as strenuous tests in the altitude chamber. 
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CONCLUSIONS 

Glucose tolerance was not decidedly changed in 6 subjects when exposed 
to 18,000 ft. without supplemental oxygen for 1,5 hours. The excretion of 
ascorbic acid was markedly decreased by repeatedly exposing the subjects 
to 18,000 ft. without benefit of supplemental oxygen when the daily intake of 
the vitamin was 91 mg. Phenylalanine tolerance was not affected by exposure 
to 18,000 ft. without the benefit of supplemental oxygen. 
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Effect of Physical Training on Capacity to do Work 
as Measured by the Bicycle Ergometer 

\V. W. TITTTLE. Prom llte Department of Physiology, State Univer- 
sity of Iowa, Iowa City, Iowa. 


T 

I -FTP pirst scientific approach to the measurement of work output 
in man is reputed to have been made by Lavoisier in 1770. He accomplished 
the measurement of work by having subjects sit in a chair and rotate a pedal 
attached to their right foot. Thus, Lavoisier deserves the credit for devising 
the first bicycle ergometer. In 1898 Zuntz (i) published the first report in 
which a bicycle ergometer was used as an instrument for measuring work. 
In this country Atwater (2) in 1889 was the first to report experiments in 
which the bicycle ergometer was used to measure work in man. From this 
time on, the types of bicycle ergometers as well as their applications to the 
problems of work have been many and varied. The modern type of bicycle 
ergometer was described by Kelso and Hellebrandt (3). This later type, with 
some modifications as described by Tuttle and Wendler (4), is used for ob- 
taining the data in the experiment reported at this time. 

Measurement of Work Capacity. The first problem to be settled in measur- 
ing capacity to do work is the adoption of some criterion of work capacity. 
Hellebrandt et al. (5) practiced having subjects ride a bicycle ergometer to 
exhaustion, the endpoint for exhaustion being the inability to maintain a 
predetermined rate of working. The predetermined work rate varied from 
0.29 to 0.39 H.P. Hellebrandt, using women for subjects, found this to be a 
rather heavy work rate since they exhibited the exhaustive reaction in less 
than one minute. The time interval that the predetermined work rate was 
maintained was used as the criterion of work capacity. The rate of working 
was recorded in terms of volts. By referring to the voltage record the appear- 
ance of the exhaustive reaction was graphically obtained. 

Karpovich and Pestricov (6) made use of a friction brake type bicycle 
ergometer. Their criterion of work capacity was similar to that of Hellebrandt. 
However, since their ergometer was not equipped with a recording voltmeter 
they resorted to pedaling rate as a criterion, but expressed the work capacity 
in foot pounds as well as time. Work capacity was regarded as the amount 
of work accomplished from the beginning of the bout until the subject was 
unable to maintain the predetermined work rate. In one experiment the pre- 

Received for publication November 3, 1949. 
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determined work rate varied from 0.159 to 0.261 H.P. and requred 
pedal revolutions per minute. After considerable practice one snbiVrf ' 
able to maintain a work rate of 0.217 H.P. for 6 minutes, 12 seconds. InlZ 
experiment, the predetermined work rate was 0.506 H.P. and requir d 
pedal revolutions per minute. The maximum time this rate of workine 
maintained was 6 minutes, 18 seconds. ^ 


METHODS AND RESULTS 

The procedure used for obtaining the data in the experiment reported here 
relative to capacity to do work is as follows: Sufficient resistance is put into 
the generator field of the bicycle ergometer, so that when the pedals are turned 
at a rate of 60 rpm the work rate is 0.33 H.P. The subjects pedal against thh 
resistance as fast as they can for a predetermined time, either one or tiro 
minutes. The output of the generator is recorded in volts. Since the recordinu 
paper is pulled past the recording pen by a synchronous motor, additional 
timing devices are not required. The speed of the recording paper is such that 

Table 1 


NUMBES MEAN MEAN KEAV 

CXASSITICATION SUBJECIS HEIGHT WEIGHT SUSrACEAMl 

»■». 16 . m> 

P. E. majors 34 64.5 129 i.6j 

Student nurses 65 64.3 128 1.61 

Random sampling 73 64.5 127 1.61 


the vertical lines set oS 1 5-second intervals. A typical record is shown in 
figure I. 

The procedure for calculating the work accomplished is as follows: five- 
second intervals are marked off on the work record with the use of a stencil 
designed especially for this purpose. The mean height of the curve for each 
5-second interval is determined by inspection. The voltage equivalent of each 
point thus determined is found by counting the number of horizontal line) 
between the point and the base-line, and multiplying them by 0.2 which is the 
cahbrated voltage equivalent of each horizontal line. The mean voltage 
generated per minute is found by calculating the average of 12 points estab- 
lished as described above. The work accomplished during the minute in 
question is found in kilogram meters per minute by referring to a convjsion 
table constructed for this purpose. Maximum work rate is found by et^r 
mining the highest point on the work curve in terms of volts generateh, 
and then expressing this value in terms of kilogram meters by referring 

the conversion table mentioned previously. 

Work Capacity Classification. In order to test the procedures an 
tions as to the reliability of the bicycle ergometer as an instrument 
ing people as to their work capacity, the experiment describe su s 
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ras carried out. One hundred seventy-two female subjects, ranging in age 
rom 1 8 to 25 years, including physical education majors, student nurses and 
, random selection of undergraduate students, were studied. Investigation 
howed that the physical education majors participated in a program of 
ystematic and rather strenuous physical activity. The nature of the work 
f the students of nursing kept them rather closely confined, and prevented 
hem from participating in any regular program of systematic physical training. 
Uso, during the period of this experiment severe physical demands were 
)eing made on student nurses, the nature of which appeared to detract from a 
)eak condition of work efficiency. We attempted to get no information relative 
;o the physical condition of the random sampling of subjects except that 
key were not participating in any systematic program of conditioning exer- 


Table 2. Summary of the mean work capacity of physical education majors, subjects picked 

AT random and student ITORSES 



MEAN 

S.D. 

SICUA 

OF MEAN 

P. E. majors 

if. m/fnirt» 

isl min. work 

265.9 

45-60 

Random sampling 


297.4 

34-81 

Student nurses 


205.8 

* 5-53 

P. E. majors 

2nd min. work 

235.9 

40.47 

Random sampling 


221.1 

25-99 

Student nurses 


137.5 

17.05 

P. E. majors 

Maximum work rale 

3076-5 

478.5 

82.06 

Random sampling 


577-0 

67-53 

Student nurses 


384.x 

47-64 


cises. An attempt was made to match the subjects as to surface area. The 
mean size of the subjects is shown in table i. 

Classified subjectively on the basis of information at hand relative to the 
subject groups, the physical education group should rank highest in capacity 
to do work, the random sampling should be second and the student nurses 
should have the least work capacity. In order to test our assumption, each 
member of the group came to the laboratory and rode the bicycle ergometer 
for 2 minutes at maximum effort. In this experiment the work period was 
extended to 2 minutes so as to obtain data relative to the nature of the work 
curve, and to determine if anything was gained by extending the work period 
from I minute to 2 minutes. A summaiy of the data is given in table 2. 

The data in table 3 show that the physical education majors have a 
significantly greater work capacity than either the subjects picked at random 
or the student nurses regardless of whether work during the first minute or 
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work during the second minute is used as the basis of comparison. Thedaf 
also show that the physical education group excels all others in maximum worl 
rate. It is also evident from the data that the subjects picked at random 
surpass the student nurses in maximum work output. However, the difierence 
in maximum work rate between the random sample and the student 
is not highly significant. • ! i" ‘‘ 

Nature of Work Curve. The curve of work resulting from exhausti^ 
exercise presents numerous points of interest (see fig. r). It will be noted that 
it required approximately lo seconds for the subject to acquire the maximum 
work rate. This point is maintained only for an instant, after which the woil: 
becomes progressively less, reaching a plateau in about 75 seconds. Hie 
plateau is maintained for the remainder of the work period. This plateau is 

Table 3. Comparison of work capacity of physical education majors, subjects picked at 

RANDOM AND STUDENT NURSES 


C.E. LAEGEE MEAN 


P. E. maj'ors vs. random sampling. . . 

P. E. majors vs. student nurses 

Random sampling vs. student nurses 

P. E. majors vs. random sampling. . . 

P. E. majors vs. student nurses 

Random sampling vs. student nurses 

P. E. majors vs. random sampling, . . 

P. E. majors vs. student nurses 

Random sampling vs. student nurses 


1st min. work 

5.86 P. E. majors 

g.86 P. E. majors 

3.91 Random sampling 

ZTtd min. work 

4.51 P.E. majors 

8.28 P. E. majors 

4.68 Random sampling 

Maximum work rate 

4.38 P. E. majors 

3.73 P, E. majors 

1.27 DiS. not highly significant 


designated as the fatigue level of work and is a point of differentiation between 
the physically trained and untrained subject. In the group of physical educatioc 
majors who practiced strenuous physical training consistently, the fatigue 
level was evident in every case. In the group of subjects picked at random 
who did not participate in physical training programs, the fatigue level seldoa 
made its appearance. The characteristic of the work curve of the untrame 
was a gradual decrease in work output, beginning with the maximum woe 

rate, and continuing throughout the work period. ^ i • u* Un 

It was suggested that the work equivalent of the fatigue level mig 
highly related to work capacity. This was tested by correlating e 0 
work accomplished for one minute with the work equivalent of tbe la 
level. The coefficient for a group of 34 trained subjects was ' 

evidence that the greater the work capacity under a condition 0 a gu 
higher the fatigue level. 
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It occurred to us that further infonnation relative to work capacity 
might be gained by having subjects work for 2 minutes instead of one minute. 
A correlation of the maximum work output of all subjects used in the experi- 
ment for the first minute unth that of the second gave a coefficient of 0.942. 
This was evidence that nothing much was gained relative to work capacity by 
extending the working time from one minute to 2 minutes. Besides, severe ex- 
haustive reactions occurred in many cases as a result of a 2-minute ride at 
maximum effort. These included nausea, vomiting, dizziness, syncope, ex- 
treme postexercise muscle soreness, and, in addition, resentment toward 
the work. Since these symptoms seldom occur as a result of one-minute work at 
maximum effort, the amount of work accomplished in one-minute work at 
m a- rimiim effort is regarded as the better criterion of work capacity. 



Fig. 1. Record of MAxnnni work ootpot for a period of 2 minutes expressed in terms of volts 
Read from right to left. 


SUMMARY AND CONCLUSIONS 

A method is described for measuring work and for classifying individuals 
on the basis of their capacity to do work, by use of the bicycle ergometer. 
In addition, the method of classification was applied to a group of 172 women, 
including physical education majors, subjects picked at random and student 
nurses. On the basis of the data, the following conclusions are justified: 

i) The work which an individual performs in one minute of ma-nmnm 
effort is as good a criterion of work capacity as the amount accomplished 
in 2 minutes. In addition, by working only one minute severe exhaustive 
reactions are avoided. 2) Maximum work rate is attained in approximately 1 5 
seconds, but is maintained for only a few seconds after which there is a gradual 
decline in maximum work output. In physically well trained subjects this 
decline continues for, on the average, 75 seconds, after which a plateau or 
fatigue level of work is reached and maintained for the remainder of the 
2-minute work period. The height of the fatigue level of work is highly corre- 
lated with capacity to do work, j) On the basis of data collected relative to 
work output, physical education majors who participated in regular bouts of 
strenuous exercise had a significantly greater capacity to do work than either 
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student nurses or subjects picked at random. Student nurses had the least 
capacity to do work while the subjects picked at random fell between tie 
student nurses and the physical education majors in this respect. 
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Effects of Desoxycorticostei'ove Acetate on 
Acclimatization of M^en to Heat 

SID ROBINSON, RAYMOND K. KINCAID and ROBERT K. 
‘ RHAMY^. From the Department of Physiology, Indiana University 

Medical School, Bloomington, Indiana 


A 

X A- DEFICIENCY OF SODIUM CHLORIDE produccd by failure to replace fully 
that lost in the sweat increases the susceptibility of men working in the heat 
to heat exhaustion and results in greater elevations of body temperature and 
heart rate (i) These workers and DiU (2) have also found that inadequate 
replacement of salt lost in the sweat results in failure of men to replace fully 
their water losses with consequent loss of body weight. Adolph et al. (3) re- 
ported ‘dehydration exhaustion’ characterized by reduction of plasma volume 
and failure in temperature regulation when men working in desert heat became 
dehydrated. Ladell (4), Moreira el al. (5) and Conn et al. (6) have found that 
hormones of the adrenal cortex reduce the excretion of sodium chloride in the 
sweat and urine of men exposed to hot environments. Moreira et al. (5) found 
that circulatory and temperature regulatory responses to heat of fully ac- 
climatized men on a high salt intake were not altered by intravenous injections 
of cortin. During the experimental period their subjects never developed salt 
deficits even without the aid of the injected cortin. Clinton and Thorn (7) 
found that administration of desoxycorticosterone acetate to men for several 
days increased their blood volumes during rest in a cool environment. From 
these reports it seemed possible that if administration of desoxycorticosterone 
acetate to an unacdimatized man could reduce or prevent the development of a 
salt deficit during the first days of work in the heat it might help to prevent 
the marked elevations of body temperature and heart rate so characteristic 
of the unacdimatized state. Consequently the present study was planned to 
determine the effects of desoxycorticosterone on the salt balance, temperature 
regulation and circulatory responses of men during acclimatization to work in 
a hot environment. It was not presumed that this might be a practical measure 
in facilitating the acclimatization of men to heat since physiological acclimati- 
zation would be necessary in any case for satisfactory life in the heat. Rather 
our purpose was to gain further knowledge of acclimatization and of the over- 
all effects of the hormone in adaptations of men to heat. 


Received for publication December’p, 1949. 
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4 normal, healthy, adult human males were used as subiecls in a- 

study The experiments were conducted in the winter when the sobL ,“® 
unacchmateed to heat. Each of the 4 subjects went through ^!':; 
work ejieriments beginning with 4 daily a-hour walks on the treadl 
5. lon/hr. up a 2.5 per cent grade in a cool environment (2i.6°C ± 0 c® 
40% relative humidity) and continuing immediately with 5 or inore'L! 
the heat (so-s^C. ± 0.5° with 15% humidity). Subjects R. S. and R. 3 /.Le 
exposed to the heat 6 hours each day, walking on the treadmill during the 
first, fourth and sixth hours and resting during the second, third and filth 
hours. Because of time limitations subjects S. R. and R. K. were exposed to 
the heat for only 2I hours a day for 5 days. .S'. R. worked for 2 hours and 
R. K. i| hours during the af-hour exposures. The men kept their body weights 



Fig. I. Mean values of chloride is 
sweat, sodium in sweat, chloride in plasm, 
sodium in plasma, total daily chloride ci- 
change and daily sweat secretion of the 4 
Subjects in the 2 series of experimenP 
Broken lines indicate days of DCA adminis 
trafion. 


constant during all experiments by drinking at frequent intervals measured 
quantities of water which was kept at a temperature of 36°C. They spent the 
remainder of the day working in a cool laboratory with unrestricted water 
intake. The men were on a strictly controlled daily diet containing an average 
of 80 roEq. of chloride and 75 mEq. of sodium throughout each series of 
experiments. 

In one series the men received intramuscular injections of esoxy 
corticosterone acetate (DCA)® in sesame oil each morning for either 2 or 3 days 
before entering the heat, with a final injection on the first day in t e ea > 
Dosages of 5 mg/day for 3 days before exposure with 2I mg, the first ay in 
the heat, and 10 mg/day for 2 days before exposure with 5 mg. the rs ay 
the heat were found to be equally effective. Injections of DCA were s opp 
after the first day in the heat in order to observe the j 

effects it might have. The men worked in pairs, one receiving e 

desoxycorticosterone acetate for this study was provided by the Schemig CoiporaWs, 
Bloomfield, New Jersey. 
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the other acting as his own control for a later series during which he received 
the DCA and the first man established a control. At least 5 weeks elapsed 
between the two series of experiments in order that the men might undergo a 
loss of acclimatization before starting the second series. 

Measurements of the men’s heart rates by a cardiotachometer, rectal 
temperature by clinical thermometer and skin temperature by thermocouples 
were made every half hour during the experiments. Oxygen intake was meas- 
ured by analysis of expired air samples collected near the end of the first and 
last hours of work. Daily samples of urine, sweat and plasma were analyzed for 
sodium and chloride throughout each series. Representative samples of 24-hour 
urine collections were analyzed. Venous blood was drawn for plasma and 
hematocrit during the second hour of work. Sweat secretion was measured by 
weight change, taking into account evaporation from the lungs, metabolic 
weight loss, food and water ingested and urine voided. The sweat samples 
analyzed represented all of the sweat secreted during the daily experiments, 
the solid components being collected by carefully washing each man with 4 
liters of distilled water at the end of the exposure and collecting representative 
samples of the wash-water. The men’s clothing, exclusive of shoes, was 
thoroughly rinsed in the wash-water before the samples were taken. Dry heat 
(5o.5°C. with 15% relative humidity) was used in order that the men’s 
sweat would evaporate without loss by dripping. 

Chloride in plasma and urine was determined by the Volhard titration 
(8). Sweat chloride was determined by the mercuric nitrate method of Schales 
and Schales (9). All sodium determinations were made on the Beckman flame 
spectrophotometer at a wave length of 595 mu. Two standard solutions were 
read with each unknown, one being more concentrated and the other more 
dilute than the unknown. It was necessary to ash the plasma samples for 
analysis with the flame spectrophotometer to avoid blockage of the atomizer. 

Blood volume determinations were made on the men in the cool environ- 
ment before the DCA injections were begun and on the first day of exposure 
to heat in each series. Similar data on blood volume were secured from 4 addi- 
tional subjects (/ . D., R. R., R. L., and V. C.), the experiments being carried 
out and controlled in the same manner as described for the original 4 subjects. 
In the experimental series these man received 10 mg. DCA per day for 3 days 
before entering the heat and 5 mg. on the morning of exposure. This is one day 
more than it was given to the other subjects on this dosage. AU blood volume 
determinations were made during the second hour of work by injections of the 
blue dye T-r824 (10, ii). The plasma concentrations of the dye were deter- 
mined with the Evelyn photoelectric colorimeter. 

EESnXTS 

The administration of desoxycorticosterone acetate (DCA) to the men 
was accompanied by a reduction of the concentrations of sodium and chloride 
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in their sweat during the first 2 days of exposure to the heat (figs, u and m 
However, the reduction in salt loss by the sweat glands with DCA was s II 
and the urinary output was high enough that the over-aU salt balancTf 
the men was not improved. In all cases they developed a salt deficit durinc 
the first 2 days in the heat (fig. lE). After the effects of the DCA had sub 
sided during the fourth and fifth days in the heat, the men showed a continued 
reduction of sweat sodium and chloride, the values being about the same as 
corresponding values in the control experiments. In the cool environment the 
salt concentrations in the unacclimatized men’s sweat were not significantly 
altered by DCA. They were very low in the cool environment as compared 
with values observed in the heat, even after 5 days of acclimatization to heat 
(figs. I A and B). This difference is associated with differences in their skin 
temperatures and rates of sweating in the two environments (figs. iF and 2B). 
The data in figure lE show that even in the cool environment where salt loss 
in the sweat was only 6 to 8 mEq/day, the men excreted more salt during the 



Fig. 2. Mean values op rectal mi- 
PERATURE, skin temperature, heart rate and 
O2 intake of the 4 subjects in the 2 series ol 
experiments. The averages of heart rate, rec- 
tal temperature and O2 intake represent val- 
ues observed at the end of the hourly irort 
periods, those of skin temperature are ol 
measurements made after 30 and ss minutes 
of each hour of work. Oxygen intake is e.r- 
pressed in cubic centimeters of Oi/kg. body 
wt/min. Broken lines indicate days of DCA 
administration. 


first 2 days than their reduced intake (80 mEq/day). By altering kidney func- 
tion they partially restored the deficits during the third and fourth days by 
reducing salt output below the intake but they still had small salt deficits 
at the time they first entered the heat. 

The observed concentrations of sodium in the men’s plasma were 3 to 8 
mEq/ 1 . higher on the average when DCA was administered than in the control 
experiments but the plasma chloride appeared to be unaffected by DCA 
(figs. iC and D). The amount of sweat secreted by the men each day was not 
significantly altered by the administration of DCA either in the exposure to 
heat or when they were working in the cool environment (fig. lE). In ot 
series of experiments the stress was severe enough that the average rate 0 
sweating of the men during the work periods increased from 1.4 to i .6 ^ 

from the first to the fifth days of acclimatization to heat. The course 0 

phase of acclimatization was not altered by DCA. 

Mean values of heart rate, oxygen intake, rectal temperature an 
temperature for the 4 men during the work periods are given in , 

changes of these four measurements in relation to environmental changes 
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acclimatization closely parallel each other. These measurements show that the 
administration of DCA did not significantly improve the responses of the men 
to the work, either in the cool or the hot environment. The average heart 
rates were about the same with DCA as without it. The men were actually 
slightly hotter and their metabolic rates were a little higher with DCA than in 
the control series but these small differences are of doubtful significance statisti- 
cally. Both sets of data indicate normal acch'matization of the men to work in 
the heat with progressive lowering of body temperature, heart rate and oxygen 
intake after the first exposure as previously described by Robinson et al. (12). 

The data on the blood volumes of the working men are given in table i. 
There was an increase of blood volume above the control value by every man 
upon the first exposure to the heat, the average increase being ii per cent. The 
increments in blood volume associated with the first exposure to heat were 
about the same when the men had received DCA as in the experiments in which 
no DCA was administered. On the basis of average values the increase in blood 
volume on the first day of exposure to heat was brought about by increasing 
both plasma and cell volumes in about equal proportions. During the second 
to fifth days in the heat hematocrit values decreased moderately, indicating a 
further increase in the plasma volume (table i). The decrease in hematocrit 
took place somewhat more rapidly in the series of experiments in which the 
men had received DCA than in the control series. Bazett et al. (13), Conley 
and Nickerson (14) and Glickman et al. (15) have also observed increases of 
plasma volume with lowered hematocrit in resting men during acclimatization 
to heat. 


DISCUSSION 

Under the conditions of these experiments the only clear-cut alterations in 
the responses of the subjects during acclimatization to heat which could be 
ascribed to the administration of DCA were higher concentrations of plasma 
sodimn and reductions in the salt concentration in their sweat during the first 2 
days of exposure. This reduction confirms in part the results of Conn et al. (6) 
Ladell (4) and Moriera et al. (5). Our results differ from those of Conn, how- 
ever, in that after the effects of DCA had subsided on the fourth and fifth days 
in the heat the men showed a continued reduction of the salt in the sweat 
whereas Conn reported a marked rise in sweat chloride upon cessation of 
exogenous DCA during daily exposures of men to work in humid heat. This 
secondary rise indicated that the activity of the adrenal cortex had been 
reduced by a few days of aid from an exogenous source. Our experiments in 
the heat were continued for 8 days on one control subject and one who had 
received DCA in order to determine if the disappearance of the effects of DCA 
might be delayed beyond 5 days. There was still no secondary rise of sweat 
cWoride or sodium by the experimental subject and the continued course of 
his acclimatization was the same as that of the control subject. This difference 
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between our results and Conn’s is probably due to the fact that our subjects 
were on a relatively low salt intake (80 mEq/day) and the administration of 
DCA did not provide sufficient aid to prevent them from developing salt 
deficits due to the greatly increased sweat loss during the first days of exposure 
to heat (fig. i). Therefore the salt-conserving mechanism was under stress 
from the beginning of the exposures to heat and this evidently stimulated the 
adrenal cortices to increased activity and resulted in the continued lowering 
of the salt concentration in the sweat. In fact adrenal activity was probably 
increased to some extent, even before the first exposure to the heat as the men 
were forced to reduce their salt output because of the deficits which they had 
incurred during the first 2 days on the reduced intake. The fact that on the 

Table i. Blood volumes of men as affected by work in the heat and by the administration 


OF DCA 


SUBJ. 

BOOM T. 21 . 6 °C. 

BOOM T. SO.S°C. 

DAY 

TEMP. 

AV. 4 MEN 
% HEMA- 
TOCRIT 

DCA 

Control 

Plasma 

Vol. 

Cell 

Vol. 

Blood 

Vol. 

Plasma 

Vol. 

Cell 

Vol. 

Blood 

Vol. 

Plasma 

Vol. 

Cell 

Vol. 

Blood 

Vol. 

DCA 

Con- 

trol 

SR 

2830 

2650 

5480 

3180 

2900 

6080 

3230 

2830 

6080 

X 

21.6 

46.1 

45-7 

RK 

3100 

2655 

S 7 SS 

3600 

3030 

6630 

3320 

3010 

6330 

2 

21.6 

45-9 

46.7 

RM 

3IOS 

2600 

5705 

3410 

2950 

6360 

3460 

2960 

6420 

3 

21.6 

46.9 

46.9 

RS 

3520 

2530 

6050 

3600 

2810 

6410 

3510 

3080 

6590 

4 

21.6 

46.5 

46.1 

JD 

3300 

2655 

S 9 SS 

3740 

2760 

6500 

3700 

2990 

6690 

S 

50.5 

45 -9 

46.8 

RR 

31:10 

2920 

6030 

355 ° 

3440 

6990 

3480 

3320 

6800 

6 

So.S 

45-4 

45-9 

RL 

293s 

293s 

5870 

3250 

3330 

6580 

3200 

3320 

6520 

7 

50.5 

45-2 

45.8 

VC 

3820 

3220 


4220 

3480 

7700 

3890 

3450 

7340 

8 

50 . 5 

44.6 

45-5 











9 

So-S 

45.2 

44.8 

Mean .... 

321S 

2771 

5986 

3569 

3086 

6656 

3474 

3223 

6596 






In the heat all determinations were made during the second hour of work on the first day of 
exposure. In one of the series DCA was administered through the first day in the heat. Hematocrit 
determinations on venous blood were made daily on the first 4 of the men listed. 


first day in the heat salt concentrations in their sweat were somewhat lower 
than values usually reported for unacciimatized men may be related to this. 

Because of the possibility that DCA might improve body temperature and 
circulatory responses of unacciimatized men working in the heat by preventing 
or reducing the salt deficit developed during the first days of exposure, we made 
the salt intake of our subjects low so that the men would be likely to develop 
salt deficits. Absence of an effect of DCA on the men’s body temperatures and 
heart rates during acclimatization to heat is not surprising then since it did not 
reduce the amount of salt deficit developed by the men. These results are in 
accord with those of Moreira et al (5) who found that intravenous injections 
of adrenal cortical extract did not alter temperature regulation of fully ac 
climatized men working in the heat. Their subjects were acclimatized an on 
high salt intake and thus were always in adequate salt balance. 
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It is interesting that the unacclimatized men were capable in all cases 
of increasing their circulating blood volumes by the second or third hour of 
exposure on the first day in the heat and that administration of DCA showed 
no effect on this response. Since Clinton and Thorn (7) previously found that 
DCA increased men’s blood volumes W’hen they w'cre resting in a cool environ- 
ment it v-as thought possible that it might, by increasing blood volume, im- 
prove the circulatory responses and temperature regulation of unacclimatized 
men in the heat. The data indicate that this was not the case in our subjects. 

SUMMARY 

Four men, unacclimatized to heat, went through two series of 5 con- 
secutive daily work experiments in a hot environment (so.s°C. with 15% 
relative humidity). Four days before tire first exposure to heat in each series 
they began a constant diet containing 80 mEq. of chloride and 75 mEq. of 
sodium per day and continued on this diet throughout the 5 days in the heat. 
The men worked in pairs, one receiving intramuscular injections of desoxy- 
corticosterone acetate (DCA) and the other acting as his own control for a 
later series in which he received DCA and the first man established a control. 
In the experimental series daily injections of DCA w'ere begun 2 days before 
exposure to the heat and continued through the first day of exposure. At 
least 5 weeks during the winter season elapsed between the two series of 
experiments. 

On the first exposure in each series the men showed the elevations of 
heart rate, body temperature, metabolism and sodium chloride concentration 
in the sweat which are characteristic of unacch’matized men working in hot 
environments. They underwent normal acchmatization during the 5 days of 
exposure with gradual reductions in aU of the above measurements. Further 
evidence of acclimatization was a gradual rise in the average daUy sweat 
secretion from 4.3 kg. the first day to 4.9 kg. the fifth day. During the first 
exposure there was an increase of ii per cent in their blood voliunes over 
control values determined in a cool environment. 

Associated with the administration of DCA were higher concentrations 
of plasma sodium and lower concentrations of sodium and chloride in the 
men’s sweat during the first 2 days in the beat. Under the conditions of these 
experiments none of the other measurements were significantly altered bv 
exogenous DCA. 

The authors are greatly indebted to Dr. Leo R. Radigan and Robert Long for their 
cooperation in the experiments and to Richard Mundy, Richard Shook, Vincent Canganelli 
and John Dragoo who served as subjects in the study. 
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Age Changes in Rate and Level of Visual Dark Adaptation 

JAMES E. BIRREN and NATHAN W. SHOCK. From the National 
Heart Institute, Notional Institutes of Health, Bethesda, and the 
Gerontology Section, Baltimore City Hospitals, Baltimore, Maryland 


J-HE PURPOSE OF TIHS STUDY was to determine the effects of aging upon 
the rate of \asual dark adaptation. Previous studies have shovTi tliat the dark 
adapted eye declines in sensitivity in later life (i). It has been assumed that this 
lowered sensitmty is associated with a change in the rate of adaptation al- 
though this relation has not been demonstrated. No previous study has ana- 
lyzed the rate of adaptation and the iaiel of adaptation as independent functions 
which might change with age, although allusions have been made to an al- 
tered ‘rate and amount’ of adaptation in later life (2). 

Several factors, e.g. pupil size, vitamin A deficiency, drugs and anoxia, 
are known to have an effect upon the minimum light threshold (3-8). Only 
the prior level of light adaptation, however, has been shown to affect the rate 
of dark adaptation (9, 10). 

In none of the common pathologic conditions of the eye has there been 
noted an effect upon rate of adaptation (5) although the level of adaptation is 
affected, i.e. the minimum light threshold is elevated. In the aged there is an 
increase in retinal and macular degeneration and a correlated rise in the light 
threshold (ii). If such lesions are similar in nature to those seen in young or 
middle-aged persons, presumably the rate of dark adaptation would be un- 
affected; conversely, if an altered rate of adaptation is observed in the aged 
it would reflect some process not associated ■with conamon retinal pathology. 
Thus it appeared that the comparison of the threshold level and the rate of 
change in the threshold was a potentially useful method of studjdng the basic 
nature of the aging process in -vdsion. 

PROCEDURE 

A Hecht Shlaer adaptometer was used to measure the light threshold (12). 
The test field was circular 3°, exposed •with -violet light (below 460 m/x. Coming 
Sii) for 0.2 seconds, and lay 7^° nasal to the fixation point. The light source 
was an incandescent lamp controlled by a voltage regulator. 

Light thresholds were measured after three minutes of light adaptation 
at a brig htness of 479 millilamberts. The pupils of all subjects were dilated -with 
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5 per cent euphthalmine prior to testing. This procedure fixed the pupil for 
both the light and the dark adaptation periods; all pupils dilated beyond 4 
mm. Size of pupil was estimated by holding a millimeter scale beneath the eye. 
Values used in the present study were corrected to a standard 5 mm. pupil. 
The use of dilated pupils was the method of choice in this study because of the 
difficulties in the aged of keeping the eye centered with the use of an artificial 
pupil, and the greater relative error involved in measuring a miotic pupil. 
Threshold measurements were made at one-minute intervals for the first 10 
minutes after exposure to bright light and at 2-minute intervals thereafter 
until a minimum of 30 minutes had elapsed. 

The subjects were white and colored males from the Baltimore City Hos- 
pitals Home for the indigent aged and members of the William Hodson Com- 
munity Center for the elderly in New York. All subjects were ambulatory and 


Table i. Rate and level of visual dare adaptation in subjects of different age groups 




AGE 




AGE 



40-59 

60-69 

70-83 


40-59 

60-69 

70-83 

Threshold at 6 min. 
Mean' 

5-26 

5-64 

6.04 

Cone rate of adaptation 
Mean'* 

1. 16 

1,24 

1. 15 

cr 

0.59 

0.45 

0.43 

cr 

0.42 

0.51 

0.52 

n 

18 

25 

36 

N 

18 

25 

36 

Threshold at a6 min. 
Mean' 

2.8s 

3-12 

3-6i 

Rod rate of adaptation 
Mean® 

4.39 

5.58 

S.4I 

(T 

0.52 

0.62 

0.70 

a 

1.02 

1.60 

1.63 

N 

19 

28 

35 

N 

19 

27 

35 


^ Values expressed in log p/i i. * Values expressed as K = where T — log threshold 
and t = log of time. 

non-hospitalized. A total of 91 subjects aged 40 to 83 years was included in 
this study. 

The values for each subject were plotted on log-log graph paper in dupli- 
cate. Two investigators made independent graphic fits for each portion of the 
characteristic dark adaptation curve. The slopes of the graphic linear fit on 
the log-log paper were computed for each subject. Two independent estimates 
of the rate of cone and rod adaptation were thus obtained. The correlation 
between the slopes estimated by the two investigators was 0.90 ±.02 for 
both cone and rod adaptation rates. The mean of the two independent deter- 
minations was used as the best estimate of the rates of adaptation for each 

subject. _ 

The data were analyzed to determine the correlation between age an^ e 
following variables: cone rate, 6-minute cone threshold, rod rate, 26-mmute 
rod threshold. The correlations were also determined between the rates of cone 
and rod adaptation and the corresponding thresholds at 6- and 26-minutes. 
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The number of cases was not the same in each analysis of the results, as 
the number of observations varied. Thus, in some subjects it was difficult to 
obtain a complete enough set of data in the early part of adaptation to derive 
a rate of cone adaptation. Similarly, in other instances tlic curve was not com- 
plete enough in tlie latter phases of adaptation to derive a rate of rod adapta- 
tion. 


RESULTS 

There was little if any evidence in the present study that the rate of visual 
dark adaptation changed in later life (table i, fig. 1). No significant correla- 
tion was found between age and the rates of cone and rod adaptation computed 


_• 5 
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B • •• 

• . 


4 ^ 


AOt OROUPS • . 

0 <0-55 YEARS • a 

t • 60-69 YEAR5 
• 70-62YEARS 

I 1 1 ■ I 

0 5 10 IS JO a 30 

MINUTES 


J I 


Fig. I. Dark adaptation curves 
of different ngc groups. Mc.in v.nlucs 
computed from individual tlircsholds on 
comparable curve segments. Age 40-59, 
N «= 2s; age Co-dg, N >= 28; ngc 70-83, 
N ■= 41. 


for each subject (table 2). The cone and rod thresholds, however, did show a 
significant correlation wth age. 

There was no relation between the thresholds and the rate of dark adapta- 
tion (table 2). In contrast, there was a significant correlation between the 6- 
minute and 26-minute thresholds; this correlation was 0.73 ±.06. Thus, these 
measurements were related despite the fact that the thresholds were presum- 
ably being measured on different segments of the dark adaptation curve, each 
vdth its own rate of change. This correlation, 0.73, is larger than the true rela- 
tion due to the presence of a wide age range which inflates the variance. When 
age IS extracted by means of a partial correlation, the correlation drops to 0.64. 

There was a small increase in cone to rod transition time in the curves for 
t e older subjects (fig. i). A low positive correlation, 0.27 n = 75, was found 
etween transition time and age. Since there was a tendency toward increased 
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individual differences in the rod threshold level in the older subjects, there exists 
the possibility of an older individual possessing the combination of a low cone 
threshold and high rod threshold. This combination would result in a delayed 
cone-rod transition time. Such a delayed transition time cannot be used as 
evidence of an altered rate of adaptation in the aged. Similarly the use of a 
test which measures the time required to reach an arbitrary brightness level 
should not be used to draw conclusions about rate of adaptation since the pri- 
mary phenomenon in the aged is displacement of the threshold level. 

SUMMARY AND CONCLUSIONS 

The purpose of this study was to determine the effects of aging upon the 
rate and level of visual dark adaptation. Measurements of dark adaptation 
were made on gi individuals aged 40 to 83 years. A Hecht Shlaer adaptometer 
was used to measure the light threshold at one- and 2-minute intervals for 30 


Table 2. Correlation between dark adartation measurements on subjects aged 30-40 veass 



6-inM. I 

imtzsBOLDS 

26 'Min. 

TXnUSSHOXPS 

CONE SATE 

SOD SATE 

age 





r 

0.59 

0.47 

o.is^ 

0.24 

N 

83 

86 

83 

86 

6-min. Threshold 





r 


0.73’ 

0.05' 


N 


75 

83 


26-inin. threshold 

1 




r 




o.i8‘ 

N 

1 

1 


86 


^ Not significantly greater than zero. ’ This correlation becomes 0.64 when the effect of 
age is removed by partial correlation. 


minutes after a 3-minute period of light adaptation. The effect of reduced 
pupil size in the aged was eh’minated from the data. The individual curves 
were plotted in duplicate and independent observers made graphic fits from 
which slopes of the curves were computed for each subject. 

There was no correlation between age and either rate of cone adaptation 
or rate of rod adaptation. The cone threshold at 6 minutes and the rod threshold 
at 26 minutes were both significantly related to age. It appears that the lowered 
sensitivity of the aged eye is not accompanied by or results from a slower rate 
of adaptation. A tendency toward longer transition times between cone and 
rod vision appeared in the aged. The correlation between transition time an 
age was so low however as to require additional verification. 

The suggestions of Dr. Malcolm W. Bick, the assistance of Miss Charlotte Fox in mak- 
ing the measurements and of Mrs, Irene Staniewicz in making the computations an 
cooperation of the staff of the William Hodson Community Center, N. Y., are gra e 
acknowledged. 
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Changes in Renal Hemodynamics Associated with the 
httravenous Adfninistration of Sodium 
para-Ammohippurate^ 

ROGER K. McDonald, JOHN H. miller, NATHAN w 
SHOCK, BENJAMIN MANCHESTER and, WILLIAM H. 
VICKERS, JR. From the National Heart Institute, National Institutes 
of Health, Belhesda, Maryland; and the Gerontology Section, Baltimore 
City Hospitals, Baltimore, Maryland 


A 

JL A-lthough it HAS BEEN PREVIOUSLY RECOGNIZED that the intravenous 
administration of sodium p-aminohippurate (PAH) in doses sufficiently large 
to permit the measurement of maximum renal tubular excretory ability 
(TmpAn) is attended by a number of untoward reactions, no alterations in renal 
hemodynamics have been demonstrated at high plasma PAH levels. 

Chasis et aJ. (i) have noted that subjects receiving priming doses of PAH 
for Tm measurements experience sensations of warmth which occur in the ab- 
sence of a rise in rectal temperature and occasionally complain of headache and 
nausea. Three of 43 patients receiving PAH intravenously vomited and two 
had formed bowel movements. They further noted that during the administra- 
tion of the PAH priming dose, “the pulse rate and blood pressure remained un- 
changed.” These observations were made on subjects who received an injec- 
tion of 60 cc. of 20 per cent sodivun p-aminohippurate at a rate of about 6 ml. 
per minute. Beyer et al. (2) have reported “intestinal and bladder 
smooth muscle response”, manifested by defecation and micturation, when 50 
cc. of 6 per cent PAH was injected intravenously over a period of 5 minutes. In 
subjects previously studied in this laboratory, complaints of intense, generalized 
body heat, headache and nausea were prominent during, and for a variable time 
following, the intravenous administration of 50 cc. of 20 per cent PAH. In 
addition to these subjective reactions, it has been observed that the glomerular 
filtration rate is frequently decreased during the measurement of TmpAH- 

It was the purpose of this study to determine the changes in renal hemo- 
dynamics which occur at plasma levels of PAH sufficiently high to perMt the 
measurement of TmpAH- In addition, the effect of the intravenous administra- 
tion of PAH on pulse rate and blood pressure was investigated. 
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METHOD 

In 17 normotensive subjects free of clinical manifestations of cardiovascular 
and renal disease, who ranged in age from 22 to 69 years, the glomerular filtra- 
tion rate (GF) was measured first during two or three urine collection periods 
during whidi the plasma PAH was maintained at levels of 0.9 to 3.0 mg. per 
cent and then during two or three periods in which the plasma PAH levels were 
maintained at 35 to 94 mg. per cent. These plasma PAH levels correspond re- 
spectively to levels commonly cmplo3'cd in the measurement of effective 
renal plasma flow and maximum tubular excretory ability. 

In 10 of these 17 subjects, tlic renal plasma flow (RPF) was measured during 
both low and high plasma PAId levels. The RPF was determined by means of 
the Fick principle, using the PAH concentrations in the urine and plasma from 
both the femoral artery and the renal vein. 

The following procedure was adhered to in all tests. After a no. 8 radio- 
paque intravenous catheter had been passed into the right renal vein under 
fluoroscopic observation and the clearance sustaining infusion of PAH and 
inuhn had been maintained for 20 to 30 minutes, 2 to 4 urine collections were 
obtained by uretliral catheter. Indixddual collection periods ranged from 10 to 
15 minutes in duration, and simultaneous samples of blood from the renal vein 
and the femoral artery were -withdrawn at the midi^oint of each period. Immedi- 
ately after these collection periods were completed, a Tm priming dose of 50 cc. 
of 20 per cent sodium p-aminohippurate was given intravenously over a period 
of 7 minutes, and after 20 to 30 minutes infusion of sustaining solution, 2 to 4 
TmpAH urine collection periods were obtained. Again, blood samples from the 
femoral artery and renal vein were obtained simultaneously at the midpoint of 
each period. 

Inulin was determined by Harrison’s modification of the method of Ahdng 
(3). PAH determinations, usmg diluted urine samples and cadmium sulfate 
filtrates of plasma, were made by the method of Bratton and Marshall (4). 

In an additional group of 10 subjects the pulse rate and blood pressure 
were recorded at minute intervals before, during and for 23 minutes following 
the intravenous administration of the aforementioned Tm priming dose of so- 
dium p-aminohippurate. 

RESULTS 

Glomerular Filtration Rate. The mean GF for the 17 subjects decreased 
froin 94.0 cc. per minute during the clearance periods to 81.9 cc. per minute 
uring the Tmp^H periods (table i). This decrease is statistically significant 
^ ~ ^7) I = 3-99) P < •oi). Fourteen of the 17 subjects showed a decrease in 

, the mean decrease for these 14 subjects was 15.6 cc. per minute. 

Renal Plasma Flow. The mean RPF for the 10 subjects who were studied 
■'^t renal vein catheterization increased from 497 cc. per minute during clear- 
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ance periods to 567 cc. per minute during the TmpAH periods (table i). This in- 
crease is significant (N = 10; f = 4.10;^ < .01). The RPF increasedin 8 of the 
ro subjects; the mean increase for these 8 subjects was 91 cc. per minute. 

Filtration Fraction. The mean FF for the 10 subjects studied with renal 
vein catheterization decreased from .181 to .145 (table i). This decrease is 
significant {N = 10; ^ = 9.2; P < .01). It is important to note that theFF de- 
creased in all of the subjects including the 3 subjects who showed no decrease 
in GF and the 2 subjects who showed no increase in RPF. 

Table i. Compawson of glokerular filtration rate, renal plasma flow and paTRAiioN 
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> Low plasma PAH levels. > High plasma PAH levels. All values represent the mean ol two to lour urine 
collection periods. Values are not corrected for surface area. 


Pulse Rate and Blood Pressure. In the second group of 10 subjects, 3 ofwhom 
(P. D., R. B. and E. H.) were included in the RPF studies, the pulse rate and 
systolic, diastolic and pulse pressures increased in aU cases during the admin- 
istration of the Tm priming dose of sodium p-aminohippurate (fig. i)- 
systolic blood pressure increased from 121 to 159 mm. Hg; the indmdual in- 
creases ranged from 20 to 71 mm. Hg. The mean diastolic pressure increase 
from 75 mm. Hg to 96 mm. Hg; the individual increases ranged from ii to 40 
mm. Hg. The mean pulse rate increased from 62 to 82 ; the individual incre^es 
ranged from 9 to 36. The mean pulse pressure increased from 45 
the individual increases ranged from 9 to 39 mm. Hg. The maximum e eyation 
in individual pulse rate and blood pressure recordings occurred from 4 minu e 
to 8 minutes after the beginning of the injection and gradually decrease 
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reach baseline values from 8 to 19 minutes following the completion of the in- 
jection of the PAH. 

That this blood pressure and pulse rate response rvas peculiar to the PAH 
preparation used and not to the osmolarity of the solution is evident from the 
fact that the intravenous administration of 50 cc. of a sodium chloride solution 
of the same osmolarity (approximately 930 milliosmoles) at the same rate as 
the TmpAH priming dose caused no change in the pulse rate or the blood pres- 
sure of two subjects who responded characteristically to the TmpAit primer 
dose. 



Fig. 1 . Mean vaettes tor fuise rate and blood pressure in a group of 10 subjects. The begin- 
ning and end of an intravenous injection of 50 cc. of 20 per cent PAH are indicated by arrows. 


DISCUSSION 

It is apparent that the intravenous administration of PAH for the measure- 
ment of the maximal tubular excretory capacity of the kidney is accompanied 
not only by the unpleasant subjective reactions previously noted by others, but 
also by significant changes in cardiovascular dynamics generally and by altera- 
tions in the hemodynamics and vascular resistance of the very organ whose 
function is being measured. 

From the information obtained in this study, several points of practical 
mterest can be made. The observed decrease in GF with high plasma levels of 
^ AH indicates that the GF value obtained during TmpAH measurements will, 
m the majority of cases, be spuriously low. Therefore, the GF value obtained at 
ow plasma PAH levels should always be used, not only as an expression of an 
m vidual s baseh’ne GF , but also in expressing the ratio of glomerular filtra- 
tion per unit of functional tubular tissue (GF/Tm^An). 

It has been demonstrated that the RPF is increased during the measure- 
ment of TmpAH. Unless high plasma PAH levels cause a diversion of part of the 
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renal blood flow through extra-tubular vessels, the tubular load of PAH during 
Tm periods as calculated from a previously determined effective renal plasma 
flow is approximately 15 per cent lower than the actual load. 

The desirability of employing a substance other than PAH for the measure- 
ment of maximal tubular excretory ability is apparent. With this thought in 
mind, glomerular filtration rates with low and high plasma diodrast levels were 
compared in 105 subjects previously studied in this laboratory (5). In these 
subjects the GF decreased from 105. i during diodrast clearance periods to 94.4 
during Tm diodrast periods. This decrease in GF is of the same order as that 
which occurred with high plasma levels of PAH. 

SUMMARY 

The GF, RPF and FF were measured at low plasma PAH levels (0.9 to 
3.0 mg. %) and at plasma levels sufficiently high to measure TmpAH (35 to 94 
mg. %) in a group of 10 subjects. In a second group of 10 subjects blood pres- 
sure and pulse rate recordings were made at minute intervals before, during and 
for 23 minutes following the administration of a TmpAH priming dose (50 cc. of 
20% sodium p-aminohippurate). At TmpAH plasma levels there was a signifi- 
cant decrease in GF and FF and a significant increase in RPF. During, and for 
several minutes following, the administration of the TmpAH priming dose, 
there occurred significant rises in blood pressure and pulse rate which returned 
to pre-injection levels within 30 minutes. 

The authors thank Mrs. Elsie Beard, Miss Margaret McCollum, Mr. Robert -Paid and Mr. 
Charles Punte for technical assistance in this study. 
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Physiological Meaning of Regression Equations 

MAX KLEIBER. Vrom the College of Agriculture, Unhersity of 
California, Davis, California 


J-HE USE OF RELATrn: PHYSIOLOGICAL STANDARDS SUCll AS Stiokc VOlumC 
per unit body weight or metabolic rate per unit of body surface or per unit of a 
power function of body weight, according to a recent article by J. M. Tanner (i) 
is “theoretically fallacious, and in practice (except under very special circum- 
stances . . . ) misleading.” It seems useful to discuss the limitation of this 
pronouncement and to show that a physiologist’s use of his reasoning power 
in general and of mathematics in particular should not stop with the formula- 
tion of an empirical regression equation. 

CRITERION FOR THEORETICAL VALIDITY OF REGRESSION EQUATIONS 

Tanner plotted the stroke volume of 50 men against their body weights. 
He noted that a linear regression equation with tw'o empirically calculated 
constants (y = a -h 6x) fitted the observed data better than the simpler 
equation with only one empirical constant (y = kx). Tanner’s observation 
agrees with the rather common knowledge that, as a rule, a line can be made to 
fit given data more closely the more empirical constants one is willing to calcu- 
late and use for the construction of the line. 

The question is whether or not an equation is theoretically fallacious 
because it fits a set of empirical data less closely than another equation does. 
I shall attempt to show that of two equations expressing physiological relations, 
one may be theoretically preferable even though it fits a given set of empirical 
results less than the other; that is, leads to a larger sum of squared deviations 
between calculated and observed result. From the point of view of statistical 
theory, this may be sheer heresy, but I presume that ‘theoretical’ here means 
pertaining to theory in physiology. Among various equations relating two 
physiologically important variables, the one which gives the simplest, clearest 
and most general expression for this relation is theoretically the best. Of 
course the calculated result has to express the facts and thus fit the observa- 
tions, but the accuracy of fit is not the only criterion for the theoretical value 
of an equation. Copernicus' equations for the movement of heavenly bodies 
may actually have been less accurate for predicting positions of planets than 
Ftolemy s older equations, but Copernicus’ calculations were simpler and 
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particularly more general, permitting the inclusion of celestial phenomena 
m a general theory of gravitation and motion. That made Copernicus’ equa- 
tions theoretically more valuable. 

example in geometry 

Orthodox belief that an empirical regression equation is the best solution 
of a problem may prevent the search for a theoreticaUy better one. An example 
from geometry may illustrate this point. The measured surface areas of a set 
of spheres may be plotted against the volumes as in range A of figure i. An 
empirical linear regression equation 

S = 15.1 + 1.04 V (i) 

may be the statistically best expression for the relation between surface area 
and volume of these spheres. Considering the errors of measurement there may 
be no point in trying a curvilinear 
regression, since a resulting decrease 
in the sum of squared deviations 
may be statistically insignificant. 

For practical purposes, namely the 
prediction of an average surface 
area for a sphere of given volume 
within the range considered, the 
equation may be satisfactory. 

The geometer, however, may 
be bothered by noticing that his 
equation predicts a definite surface 
area of 15.1 for a sphere without volume. Being theoretically inclined, he 
may not be satisfied with Dr. Tanner’s declaration that this is beside the 
point. This dissatisfaction may stimulate the geometer to measure the surface 
areas and volumes of a set of smaller spheres and plot the results as in range 
B of figure i. The empirical regression equation for this set may be 

5 = 3.14 A- 2.28 V (2) 

Again a sphere without volume appears to have a definite surface area, but 
different from that of the other set of spheres. 

The theoretically inclined geometer is still more dissatisfied by the different 
expressions for the relation of surface area to volume of his two sets of ob- 
viously similar objects. He may suspect that not getting generally valid 
coefficients out of his observations indicates unsuitable dimensions in his 
equations. In his drive for a more general formulation, the geometer may try 
several mathematical operations. One of these, namely plotting the logarithm 
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of the surface area against the logarithm of volume, distributes the data of the 
two sets of spheres along a straight line expressed by the equation 

log 5 = 0.684 + 0.67 log V {3) 

which indicates the follomng relation: 

s = 4.84 (4) 

This last equation is theoretically preferable to the empirical regression 
equations even if each of these empirical equations should lead to smaller 
sums of squared de\nations for the particular set of spheres for which it is 
calculated. Eqiialion 4 is generally valid and reasonable (for example gives 
a zero surface for a zero volume). Its terms have geometrical meaning. The 
power function f e.xprcsscs the general relation of areas to volumes in 
bodies of any given shape. Tlie parameter 4.84 is a characteristic for spheres 
(the specific surface of a unit volume sphere) ; the corresponding term for cubes 
is 6.00. The general formulation of the surface area of bodies in terms of 
volume is 5 = icFi where K is constant witliin any group of similarly shaped 
bodies. In biology the specific surface of a unit volume bodj% K, is often 
called the Meeh constant. For most mammals it is roughly 10. 

EXAMPLE IN PHYSIOLOGY 

To demonstrate that the geometric example is a valid, though simplified, 
illustration of the problem under discussion, an example from the realm of 
physiology follows. Harris and Benedict (2) derived for the metabolic rate of 
136 men the following empirical regression equation: 

M = 66.4730 + 13.7516 W + 5.0033 h ~ 6.7550 (5) 

where M = total heat production in Cal. per 24 hr., W = body w^eight in 
kilograms, h = height in centimeters, a = age in years. 

This regression equation is statistically ‘the best’ and for practical pur- 
poses, such as comparing a man’s metabolic rate with an empirical standard, it 
serves well. Theoretically, however, it is unsatisfactory, like the empirical 
regression equations i and 2 for the relation of surface and volume of spheres, 
and for the same reason. The physiologist is bothered by an equation which 
predicts a definite metaboh'c rate for a weightless man and whose other terms 
are physiologically meaningless. Krogh has already criticized this equation for 
that reason (3). 

Like the geometer in the example above, Kleiber (4, 5) has attempted to 
find a more general and thus theoretically more valuable expression for the 
relation of body size and metabolic rate in man. Like the geometer, he used a 
set of smaller objects to derive the general trend (choose the most suitable 
dimension of the variable). The logarithm of metabolic rate for various ani- 
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mals from rat to steer plotted against the logarithm of the respective body 
weights indicated a linear relation which led to the equation 

M = KW" ( 6 ) 

similar to the one for the surface of spheres. In contrast to the surface-volume 
problem, there was for metabolic rate no compelling theoretical reason to 
use a given exponent, The empirically best fitting among simple exponents 
(f) was therefore chosen for calculating the metabolic rate of the 136 men 
of Harris and Benedict as follows: 

M = 71.2 [1 -f 0.004 (30-0) + o.oi - 43.4)] (7) 

where the letters have the same meaning as in the Harris-Benedict equation 
above. 

The terms of equation 7 have a definite physiological meaning. The ex- 
ponent f expresses the general trend in the relation of metabolic rate and 
body weight obtained from results on animals which differ greatly in size 
(interspecific comparison), the factor 71.2 characterizes the particular met- 
abolic level of the 136 men in comparison to other homeotherms, for example 
to 103 women whose mean metabolic level was 67.4 Cal. per unit of the | 
power of body weight, or 48 female rats between 230 and 300 days of age (98 
measurements) whose mean metabolic level was 73 Cal /kg.* (5). The factor 
in parentheses indicates the changes in metabolic rate resulting from difference 
in age and specific stature between individuals. Each year deviation from the 
mean age of 30 produces 0.4 per cent change in the metabolic level, and a 

change of one unit of specific stature ( ~ ) from the mean of 43.4 changes 

TE* 

the metabolic level one per cent. (The age term might be made more general 
by expressing age as a ratio to some standard instead of expressing it in years.) 
Since thus equation 7 conveys more physiological meaning than equation 5, 
it is theoretically preferable. 

PHYSIOLOGICAL SIGNIFICANCE OF COEFFICIENTS 

As in the example above, empirical regression equations often fail to 
satisfy the theoretical inclination of the physiologist. In this case, he should 
try to find a theoretically better, physiologically more meaningful, expression. 
That means recalculating the raw data. Following Dr. Tanner’s advice for 
preventing a fallacy, he may try to find out whether, for any one value of one 
variable, the raw values of the other variable or the logarithms of them are 
more nearly normally distributed. As a rule he may notice that the number 
of his measurements is much too small to establish for a given X a significant 
difference between the skewness of the distribution of ¥ and the skewness 
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of the distribution of log Y. In this predicament he may Ire relieved by reading 
the follovnng statement of Yule and Kendall (6): "The answer to the question 
whether the correlation between indices or that between absolute measures 
is misleading depends on the further question whether the indices or the 
absolute measures are the quantities directly determined Ijy the causes under 
investigation.” 

This statement of eminent statisticians moves responsibility and priority 
from the calculating machine back to the physiologist who thinks in terms of 
physiological relations ('causes’) rather than skewness of distribution in his 
particular sample. 

Often the generality, and thus the theoretical value of an expression, 
can be established only empirically. An example is the 3/4 power of body 
weight as a generally suitable measure of body size for e.xpressing metabolic 
rate of mammals. In many cases, however, the most general term may be chosen 
a priori such as the 2/3 power of volume for expressing surface areas of bodies. 

Comparative physiologj' is based on the fundamental postulate that 
animals are comparable and thus more or less similar. This similarity offers 
the basis for comparing build and function of various animals; in particular 
animals of different size. The most effective terms for comparing form and 
function of various animals arc those wliich would remain constant for changing 
size if large and small animals were strictly similar. Such terms are ratios of 

. , . . , length surface volume 

equidimensional quantities such as — — ; , or, forgiven 

volume’ volume* volume 


specific gravity, also 


length surface volume 

— — or — : — j or — : . 

weight* weight’ weight 


The ratio Plasma vo l u m e 
surface area 


may statistically express a relation within a 


limited material, but the statement of Dreyer, Ray and Walker (7) that "the 
practice of expressing blood volume as a percentage of body weight is both 


erroneous and misleading” is, from the point of view of comparative physi- 
ology, unacceptable. The statement that the blood volume of mice amounts to 


0.149 ml/unit surface area, that for guinea pigs 0.189, and that for rabbits 
0.632, has little specific significance for comparison because even in strictly 
similar animals differing in size as much as mice, guinea pigs and rabbits, 
there would be an analogous change in the blood volume per unit of surface 
area. In this ratio, therefore, size effects per se are superimposed on specific 
group effects. On the other hand, the statement that the blood volume of mice 


was 5.8 per cent of the body volume, that of guinea pigs 4.1 and that of rabbits 
4-9 per cent, has direct comparative significance, since among similar animals 
that differ in size the percentage of blood volume would remain constant. 
The percentages given thus indicale directly the degree of similarity between 
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groups of animals with regard to the variable in question. One may say, for 
example, that in this case guinea pigs had a relatively smaller blood volume 
than rabbits or mice. 

An analogous consideration applies to stroke volume as a function of body 
size. In similarly built and functioning animals of different size the stroke 


volume per unit body volume, or per unit body weight, would be constant 
(being a ratio of equidimensional terms). On the basis of the similarity principle, 
therefore, the stroke volume per unit weight indicates directly whether a given 
set of mice have a smaller or larger relative stroke volume than a given set 

t rT., stroke volume . , . , . „ 

ot men. The ratio is thus physiologically more revealing, and 

therefore theoretically more valuable, than an empirical regression equation 
whose terms have no physiological meaning. Dr. Tanner’s (i) empirical regres- 
sion equation is interesting because it indicates that within his set of 50 men the 
stroke volume, as a function of body size, deviates from the trend expected on 
the basis of similarity between large and small men. Whether or not this 
deviation is statistically significant, imfortunately, cannot be judged from the 
data given in the article. Assuming that the deviation from the similarity trend 
is statistically significant, it would be physiologically valuable to discover 
the factors that produce this deviation. Such a discovery would be unlikely if 
one would accept the pronouncement that the empirical regression equation 
is the best expression for stroke volume and body weight, and that any other, 
such as the stroke volume per unit weight, is theoretically fallacious and in 
practice misleading. 

Advocating the use of ratios of equidimensional terms for expressing 
anatomical and physiological relations, in preference to less intelligible ratios 
of terms with different dimensions, does not declare the use of these other 

511X^&C0 &rc3> 

ratios as fallacious. The term ‘specific surface’ ( ; ) for example, 

volume 

has its proper place in colloid chemistry, even though it combines (and con- 
founds) size and shape functions. The term ‘metabolic rate per unit weight’ is 
justified for expressing the mean metabolic intensity in the tissues of animals. 
The metabolic rate per unit surface area, or (body weight) ^ has its proper 
place when questions of heat transfer are studied; whereas the metabolic rate 
per unit of the 3/4 power of body weight is most suitable for characterizing 
an animal’s metabolic level in comparison with other homeotherms. 


SUMMARY 

The theoretical significance of empirical regression equations expressmg 
physiological relations is, as a rule, limited. Such equations should there ore 
be a start, rather than an end, to a physiologist’s further reasoning an ca cu 
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lating. Two examples are discussed to illustrate this point. The principle of 
similarity offers a good basis for expressing relations of anatomical and physi- 
ological variables to body size by equations whose terms have a biological 
meaning. In general, ratios of equidimensional terms furnish the simplest and 
most general e.xpressions for physiological relations. Other ratios are, however, 
also justified and may be best suited for particular problems. 
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Human Sensitivity to a Standardized Cold Test^ 

LAURENCE M. HURSH.* Brooke General Hospital, Fort Sam 
Hotislon, Texas 

A 

M A_brahauson believes that the skin response to exposure to cold may 
due to physical allergy. Urticaria or wheal formation is produced easily 
in some individuals while in others it requires more severe exposure. Abra- 
hamson believes the whealing response does not occur in normal skin (i). 
This is probably incorrect. Many observers have produced wheal formation 
and also gangrene in animals, including man, by increasing the severity of 
the exposure (2, 3). 

Marked variation in the response of animals to a standard exposure to 
cold has previously been described (i, 4, 2), Lange has described this varia- 
tion in humans. He states that the response of any one subject is rather con- 
stant (3). In fact, Lange and co-workers suggested in 1947 that it might be 
possible to screen persons with an unusually high sensitivity to cold by means 
of a standard cold test. 

The purpose of these experiments was to ascertain whether it is feasible 
to determine a person’s sensitivity to cold by means of a standardized cold 
test. 

METHODS 

Two glass cylinders were prepared, one smaller than the other, so the 
smaller would fit loosely inside the larger (fig. i). The one with the smaller 
bore was about 5 inches in length and the one with the larger bore was about 
4 inches in length. The inner cylinder was then fitted with a cork stopper at 
each end. The apparatus was then charged with solid COz in the following 
manner. A no. 6 standard cork borer was gently heated over a flame and 
when warmed was pressed firmly down upon a large block of solid CO2 about 
I inch in thickness, just as the housewife cuts cookie dough with a mold. 
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Care was taken not to press too firmly as the CO2 cracked easily. It was 
usually necessary to heat the cork borer several times in cutting a single 
cylinder of CO2. The tip of a common household sewing needle was 
then heated and a hole burned through the cylinder of CO2 about the dis- 
tance from the end. The same needle was then threaded and the cylinder 
of CO2 sewed to one cork (as shown in the lower cork of fig. i). The thread 
was then passed through the small glass cylinder, the lower cork inserted, 
the thread puUed taut and the upper cork inserted. The lower end of the 

cylinder of snow was then in- 



spected and if rough or uneven was 
easily smoothed off by placing the 
side of a warmed spatula on, and 
perpendicular to the cylinder of 
CO2. 

USE OE THE apparatus 

The subject bared the anterior 
surface of the forearm and held it 
horizontal. *The large cylinder was 
then placed on the anterior sur- 
face of the forearm which was free 
from hair and superficial vessels. 
The smaller cylinder with the CO2 
attached was placed inside the 
larger cylinder and held so the CO2 
was about ^ inch above the arm. 
At a signal from an assistant with 
a stop watch, the smaller cylinder 
was released letting tlie CO2 come 
to rest on the subject’s skin. After 


two seconds, at a second signal from 
the assistant, the CO2 was quickly removed. It was important that the small 
inner cylinder be free and not held during the two seconds as the cylinder 
plus the corks and CO2 weighed exactly 16.5 grams, and only if it remained 
free inside the larger cylinder could one be assured that the same weight 
was applied to each test. It was necessary to recharge the smaller cylinder 
with CO2 after about 10 minutes of use due to its decrease in size and weight 


caused by sublimation. 

The reaction was then interpreted 5 to 10 minutes following the app 
cation and was graded as follows (all interpretations being made by the same 
observer) : 

a. No reaction. Erythema without wheal formation. 
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b. Reaction i+. Any wheal formation less than 25 per cent of area 
covered by CO2. 

c. Reaction 2+. Any wheal formation more than 25 per cent but less 
than 50 per cent of area covered by CO2. 

d. Reaction 3+. Any wheal formation more than 50 per cent but less 
than 100 per cent of area covered by CO2. 

c. Reaction 4+. Any wheal formation of 100 per cent or more of area 
covered by CO2. 

On the first, second, third and fourth of March 1949, 116 white males, 
ranging in ages from 17 to 47, were subjected to a standardized cold test. 
Solid CO2 was applied to the anterior aspect of the forearm over an area of 
0.8 to i.o cm. in diameter with a pressure of 16.5 grams for a duration of 
two seconds. The mean temperatures on the first, second, third and fourth of 
March were 47°, 52°, 53°, and 56° respectively. The low hiunidity and high 
humidity on the same days were 61, 98; 46, 90; 36, 89; and 48, 94 
respectively. On the first, second and third of June 1949 these same men 
were retested in a similar manner. The mean temperatures on the first, sec- 
ond, and third of Jime 1949 were 85®, 84°, and 83° respectively. The low 
humidity and high humidity on the same days were 33, 93; 36, 90; and 40, 
95 respectively. 


RESULTS 

Discounting the i-f reactions as questionable responses and evaluating 
only those of 2 J- or more, the following was noted. The 14 reactors in March 
were retested in June imder different climatic conditons. Of these 14, only 4 
now gave a similar response {2+ or greater reaction). The remaining 10 re- 
acted with only an erythema or i -f response. In the June test there were 25 
reactors (2-}- or greater response), only 4 of whom were reactors in March. 
There were 21 who gave a 2-I- or greater response, who in March had given 
only a 1 4- or an erythematous response. 

The reactors and non-reactors of the total group of 116 are sorted in 
table I into a contingency table. The x* test as developed by Karl Pearson 
(s) shows that the overlap in reactors at the two times, March and June, 
could have happened by random sampling. Thus the test is unrehable as it 
is not reproduceable in the same individual (table i). 

While data were taken primarily to determine the rehability of the test, 
it was convenient to record certain other facts relating to personal history 
such as history of previous frostbite, sweating, history of allergy, nature of 
skin, and home locality (north or south of the Mason-Dixon Line) in order 
to determine whether there was any association between these facts and 
sensitivity to cold as determined by the present skin test. 

Lewis and Love (2) in 1926 believed that this variation in response of 
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different individuals had to do in part, at least, with the oil content of the 
skin. Lake was also aware of this phenomenon. Ungley el al. (6) believed 
that hyperhydrosis accompanied increased cold sensitivity. The following is 
the association study of the June testing. 

Frostbite History. Ten of the ii6 individuals gave a history of previous 
mild frostbite. Three of these were reactors while 7 were non-reactors (table 2). 
Application of the test indicates no correlation between previous mild frost- 
bite and the described test. 

Table i. Contingencv table of reliability of the test 

June 

Reactor No Reactor 

4 10 14. x'= .478 

d/=r 

21 8r 102 P = .49 

25 91 116 

= Sum of all contributions. df = Degree of freedom. P = Probability of sample 
when in reality there is no association. 

Table 2. Contingency table for frostbite 
Frostbite No Frostbite 

Wheal 3 22 

No Wheal 7 84 

10 106 116 

Table 3. Contingency table for sweating 
Low Normal High 

25 X* = 1-7934 

d/= 2 

pr P = <42 

4 78 34 

Sweating. Four of the 116 had hypohidrosis, 78 normal hidrosis and 34 
hyperhidrosis. Of those with hypohidrosis 2 were reactors and 2 were non- 
reactors. Of those with normal hidrosis 16 were reactors and 62 non-reactors. 
Of those with hyperhidrosis 7 were reactors and 27 non-reactors (table 3). 
Application of the test indicates no correlation. 

Allergy. Five of the 116 gave a history of some form of allergy. Only one 
of these 5 was a reactor while 4 were non-reactors (table 4). Application 0 

the X® test indicates no correlation. 

Nature of Skin. Three of the 116 had dry skin, 98 norma s n an 
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oily skin. Of those with dry skin one was a reactor while 2 were non-reactors. 
Of those with normal skin 22 were reactors and 76 non-reactors. Of those 
with oily skin 2 were reactors and 13 non-reactorS (table 5). Application of 
the X' test indicates no correlation. 

Home LocaUty. Of this 116, there were 57 from the North and 59 from 
the South. Of those from the North 15 were reactors while 42 were non-re- 
actors. Of those from the South 10 were reactors while 49 were non-reactors 
(table 6). Application of the x” test indicates no correlation. 

Association studies of the March tests showed completely analogous re- 
sults. 


Table 4. Contingency table for history of allergy 



Allergy 

No Allergy 

Whcil 

1 

24 

No Wheal 

4 

87 


\ ^ ^ J 

S III 116 


x’ = .00989 
df=i 
P = .92 


Table s- Contingency table for natoEE of skin 



Dry 

Normal 

Oily 

Wheal 

I 

22 

2 

No Wheal 

2 

76 

13 


3 

98 

IS 


25 

7 d= .936 


df= 2 

91 

P = .63 

116 



Table 6. Contingency table for home locality 
North South 


Wheal 1 

1 

IS 

[ 

10 

No Wheal 

42 

49 


S 7 


59 


25 

X* = 1.48 


df=i 

91 

P= .23 

116 



Greene (2) has suggested that possibly cold agglutinins might enter into 
the response in some way. Three of the individuals who gave a positive re- 
sponse (2-I 4-}-) on both the March and Jtme tests and 3 individuals who 

were negative (an erythema only) on both tests were investigated for cold 
agglutinins. All 6 were negative for cold agglutinins. 

CONCXTJSIONS 

The variation in response to the described test by individuals was great 
and variation in response of the same individual within a 3-month period 
was equally great. The statistical analysis indicates that all reactors may be 
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explained by chance alone. A field test would, therefore, not be indicated. 
Previous frostbite, sweating tendencies, allergy, home locality and nature 
of skin are not correlated with cold hypersensitivity as evaluated by the 
described test. In this study the sample size was adequate, and there were no 
borderline probabilities. 

The author wishes to express appreciation to Dr. J. A. Rafferty, Chief, Department of 
Biometrics, Randolph Army Air Field, Texas, for the statistical analysis. 

The photographs are BGH USA negative number 5395. 
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Blood Picture at High Altitude 


HUGO CHIODI. Vrom the Instituto de Biologic de la Allure, Univer- 
sidad Nacional de Tucuman, Mina Aguilar, Pcia de Jujny, Argentina 


s 

L. y rwrR THE TIME OF PAUL BERT, it is a well known fact that low barometric 
pressures evoke changes in the blood picture. These changes have been studied 
by a great number of authors, but it is only recently that a complete study of 
the effects of altitude chronic h3T3oxemia upon the hemopoietic activity was 
made by Hurtado and co-workers (i). Their paper contains a review of the 
subject. 

The new laboratories of the Instituto de Biologia de la Altura at Mina 
Aguilar' (3975 and 4515 m. above sea level) have made possible a study of the 
blood picture of people living at the place; the results are published in this 
paper. 


METHODS 

In all cases blood was drawn in the morning, while the subjects were in 
fasting conditions. In the cases in which arterial blood was secured, the sub- 
jects had a previous rest of at least half an hour. Venous blood, obtained with- 
out stasis and transferred to a tube containing ammoniimi oxalate and potas- 
sium oxalate, was used for hemoglobin, hematocrit, and red and white cell 
determinations. For the sedimentation rate, 2.6 ml. of venous blood were drawn 
in a syringe containing 0.6 ml. of a 3.8 per cent sodium citrate solution. 

Arterial blood was obtained under liquid paraffin from the femoral artery, 
dried ‘Liquemin’ Roche being used as anticoagulant. 

Hemoglobin. Duplicate determinations were made in a Sahli hemoglobi- 
nometer, previously calibrated by the oxygen capacity method; in eight sub- 
jects, determinations with both methods were made. 

Red and white cell counts. Two counts were always made and the average 
taken as the final result. 

Hematocrit. Blood transferred to a Wintrobe tube was centrifuged for one 
hour at 3500 r.p.m. In a munber of cases, duplicates were made. No correction 
for the shrinkage resulting from the use of a mixture of ammonium and potas- 
sium oxalates to avoid clotting was made. 


Received for publication Feburuary 6, 1950. 
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Diferential count. Capillary blood from a finger was used, smears beinir 
stained with May-Gnmwald-Giemsa. ^ 

Sedimentation rate. The Westergren method was employed, with readings 
taken at the first hour; temperature ranged between 19 and 21 degrees C 
Arterial saturation. It was determined according to the technique of Dill' 
and co-workers (2). 


RESULTS 

Observations were made on 84 subjects, in good health, who lived perma- 
nently at 4515 m. above sea level. The average barometric pressure was 456 
mm. Hg. The subjects had been living at the place from 3 months to 57 years; 
they never left it for more than one or two months in the year. Except in a few 
cases, all subjects were bom in the high Andean altiplano. Their physical 
characteristics were; average height, 1.62 m.; average weight, 64.3 kg.; age, 
from 20 to 57 years, although only seven persons were older than 45. None of 
them gave a history of pneumonoconiosis. 


Tabi£ I. Arteriai. oxygen saturation in men living permanently at Mina Aguilar 


ALUTtJDE 

AVERAGE 

1 BAROMETRIC 

PRESSURE 

1 

NO. OF 
SxmjECTS 

1 ARTEEIAI. OXYGEN saturation 

iDEAN ± S.E. 

HSIi 

RANGE 

4515 

445.8 mm. Hg 

7 

80.6 ± 1.57 

±3.84 

74.7-86.3 


In seven subjects, arterial oxygen saturation averaged 80.6 ± 1.57 per 
cent with extreme values of 74.7 and 86.2 (table i) ; about the same values were 
obtained by Hurtado and co-workers on 18 subjects living at Morococha 
(4540 m.). 

The average for hemoglobin values was 19.4 ± 0.22 gm. per cent, in 67 
subjects, ranging from 15.7 to 24.9; for red cells, 6.46 ± 0.09 milhon per cu. 
mm . in 84 subjects, with extreme values of 5.07 and 9.93, and for hematocnt 
readings, 59.5 db 0,58 per cent in 81 subjects, with extreme values ranging from 
50.5 to 73.6 (table 2). All these figures show an evident increase over those 
obtained by Moglia and Fonio (3) in normal males living at Tucuman (427 ra), 
while mean corpuscular volume, mean corpuscular hemoglobin, and mean 
corpuscular hemoglobin concentration agree fairly well (tables 2 and 3). 

As is shown in figure 4, there is an inverse correlation between red ce 
number and mean corpuscular volume; the coefficient of correlation is .69 ± 
.06, the difference from zero being 11.5 times its standard error; and there ore 

the coefficient of correlation is statistically significant. 

In figures i, 2, and 3, hemoglobin, hematocrit, and red cell values ave 
been plotted against years of continuous residence at 4515 m. Wide vanations 
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ran be obsen’cd among individuals who lived at the place for the same length 
of time. No relation seems to exist between duration of hypoxia and degree of 


Table 2. Blood ncrcRE or men uvikg permanently at Mina Aguilas. (4513 m). 


DETEWnNATlOSS 

NO. or 
SUD- 
jrcTS 

laiAN =b S.E. 

! 

S.D. 

COEIT. or 
VARIATION 

RANGE 

Redcells, Xio"* 

Hematocrit, red cells, % — 

Hemoglobin, gm. % 

Mean corpuscular volume 

(cu.;i) 

^lean corpuscular hemo- 

globin Oifig.) 

Mean corpuscular hemo- 
globin concentration, % . . 
Sedimentation rate, mm. in 

the rsthour 

Leucocj'tes 

84 

81 

67 

81 

66 

66 

70 

83 

6.46 ± 0.09 
59 . S ±0.58 
19.41 ± 0.22 

92.4 ±0.89 

29.9 ± 0.26 

32.7 ±0.16 

0.71 ± O.IO 

6744 ± 198 

±0.82 

±S-2 

±1.80 

± 7-99 

±2.11 

±1.31 

±0.81 

±1804 

% 

13 ' 

9 

9 

9 

7 

4 

114 

27 

5.07- 9.93 

50.5 - 73.6 

15.66- 24.95 

74.2 - no. 9 

25-1 - 3 S -8 

28.5 - 3S-6 

0.05- 3.8 

4100 -12,100 

DirmtENTlAL COUNT | 

Neutrophils, segmented, % . ! 

■ 

44.1 db 1.29 

±11.0 

*5 

13 - 69 

Neutrophils, stab, % 

Wm 

6.3 ± 0.48 

± 4-1 

6S 

1-16 

Neutrophils, total, % 

73 

50.4 ±1.38 

±11.7 

*3 

16 - 75 

Eosinophils, % 

73 

2.9 ±0.32 

±2.7 

93 

0 “ 14 

BasopWls,% 

73 

0.8 ± 0.0$ 

±0.4 

SO 

0 - 3 

Lymphocytes, % 

73 

35.6 ± 1.19 

±10.1 

28 

8 - 55 

Monocytes, % 

73 

10.2 ±0.62 

± 5-3 

52 

2-33 


Table 3. Blood pictdre of men, 20 to 44 years old, living in Tocdman (427 m.) as determined 

BY Moglia and Fonia (1944) 


DETERUXNATIONS 

NO. or 

SUBJECTS 

UEAN ± S.E. 

m 

coErr. or 
VARIATION 1 

RANGE 

Red cells, X 10"' 

IS 3 

5.31 ± 0.03 

±0.42 

% 

8 

4.54- 6.78 

Hematocrit, red cells, % 

153 

48.7 ±0.24 

± 3-0 

6 

41.6 - 59.4 

Hemoglobin, gm. % 

153 

16.12 ± 0.09 

±1.14 

7 

13. 5 - 18.7 

Mean corpuscular volume, 

CU. /i 

153 

91.9 ±0.46 

± 5-66 

6 

76.9 -108.3 

Mean corpuscular hemoglobin, 
uug 

153 

30.4 ± 0.16 

± 1.97 

6 

26.4 - 34.9 

Mean corpuscular hemoglobin 
concentration, % 

153 

33.2 ±0.14 

±1.72 

5 

29.2- 37 . 5 


hemopoietic response. As it is shown by the coefficient of variation, the indi- 
vidual variations are greater than at sea level. 

In the first hour, the average sedimentation rate was 0.71 ± o.io mm., 
which is lower than that found in the normal man at sea level. The average 
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value of leucocytes per cu. mm. was 6744 ± 198, extreme values ranging from 
4100 to 12,100. Differential counts showed slight increases in the lymphocyte 



50 I I I I I I I ( I I I I I I I I I I I I I I I 1 I I - 50 

0 5 10 15 20 30 57 

YEARS OF RESIDENCE 

Fig. I. {tipper). Relation of hemoglobin to years of residence at 4515 meters. (It will be 
noted that only three values fall below 17 gm. per cent.) . 

Fig. 2 (lower). Relation of hematocrit to 3'’ears of residence at 4515 meters. (It wii e d 
that all values are above sea level average.) 

and monocyte percentages with a correlative diminution of neutrophils. In 
some cases, the increase of lymphocyte percentage was striking. 
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G- 

70 80 90 100 110 

mean corpuscular volume 

Fig. 4. Reiation of red cell count to mean corpuscular volume at 4515 meters. 

DISCUSSION 

Chronic hypoxemia caused by residence at 4515 m. above sea level pro- 
duces in man an increase of the average values of hemoglobin, red cells, and 
hematocrit and a decrease of the average sedimentation rate of the erythro- 
cytes. Although no changes were fotmd in the number of leucocytes, a relative 
increase of monocytes and lymphocytes was observed. 
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Hemoglobin, red cell, and hematocrit figures are scattered within wide 
limits. No relation was found between length of permanent residence at 4515 
m., that is, duration of hypoxia, and degree of change in blood picture. Thus 
a great increase in hemoglobin takes place within the first year of residence at 
that altitude and, in rare cases, almost nomal values after ten years, as already 
pointed out by Monge (4). 

Such variability in the hemopoietic response to a same degree of barometric 
depression could be due to: a) a widened range of the normal individual varia- 
tions found at sea level; b) the different degree of hypoxemia found in the sub- 
jects living at the same altitude, the response of the hemopoietic system being 
proportional to the intensity of the hypoxemic stimulus; and finally, c) some 
unknown factor, which would make a great increase of the hemoglobin less 
necessary for the adaptation of the human body to chronic hypoxemia. 

The mean corpuscular volume and the mean corpuscular hemoglobin did 
not show any significant deviation from the normal values found at sea level; 
the polycythemia was normocitic, in opposition to the findings of Hurtado and 
co-workers (i). 

Our average figures of red cells, hematocrit readings, and leucocytes agree 
with those obtained by Hurtado and co-workers (i) in subjects of similar racial 
and physical characteristics, living at 4540 m. and with an almost coincident 
arterial oxygen saturation. On the other hand, the hemoglobin average is 1.35 
gm. lower in our subjects. 

The observed decrease of the sedimentation rate of the red cells can be 
ascribed, in part at least, to the polycythemia. 

SUMMARY 

A study of the blood picture of normal subjects living permanently at 4515 
m. above sea level has been made. The hemoglobin, red cell, and hematocrit 
average values increased, with wide individual variations. There is no relation 
between hemopoietic response and duration of the residence at high altitude. 
Polycythemia is of the normocitic tj/pe. There was an increase of lymphocytes 
and monocytes, and a decrease of neutrophils, without any change in the total 
number of leucocytes. The sedimentation rate of the red cells decreased. 

REFERENCES 

1. Hurtado, A., C. Merino and E. Delgado. Arch. Ini. Med. 75: 284, 1945- 

2. Dill, D. B., A. Graybiel, A. Hurtado and A. C. Taquini. Zlschr.f. AUersforsci 2. 

20, 1940. 

3. Moglia, J. L. and O. A. Fonio. Rev. Soc. argent, de biol. 20: 581, i 944 ' 

4. Monge, C. Science 95: 79, 1942. 



Exci'etion of Neutral 17 -Ketosteroids in Hwnan Subjects 
Repeatedly Exposed to Hypoxia under Conditions of 
Simulated High Altitude'^ 

MARIE W. BURRILL® and A. C. IVY.® From the Department of 
Physiology, Nortlnvestern University, Chicago, Illinois 


Investigations on experimental animals have shown that the adrenal 
cortex is affected by exposure of the animals to conditions of hypoxia or re- 
duced pressure (i-io). In the human, appraisal of adrenal involvement in the 
response to similar conditions is complicated by the lack of a definite measure 
of adrenal function. It is generally assumed that part of the neutral 17-keto- 
steroids excreted in the urine represent metabolic degradation products of sub- 
stances produced by the adrenal cortex, and there is some evidence that the 
quantity of ketosteroids excreted may be roughly proportional to the func- 
tional activity of the adrenal cortex (ii). 

The investigation of ketosteroid excretion reported here was part of an 
experiment in which several aspects of physiological change at high altitudes 
were studied. The ketosteroid study was undertaken to determine whether or 
not the adrenal cortex is involved in the response of the hmnan subject to 
simulated conditions of high altitude. The other parts of the experiment are 
reported elsewhere. 


PROCEDURE 

The subjects of the experiment were medical students, in good general 
health. Throughout the experiment, including the control periods, the subjects 
were maintained on a 3-day rotational diet which was considered to be nutri- 
tionally adequate and was rigidly supervised. Twenty-four-hour urine speci- 
mens were collected with 10 cc. of 10 n H2SO4 added as a preservative. Collec- 
tion bottles were kept in the refrigerator as much of the time as was consistent 
with total collection and at all times after the daily collection was complete. 

Two separate experiments were conducted using 2 different groups of 
subjects. In the first experiment, Group I, the subjects were exposed to a simu- 
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lated altitude of 18,000 ft. without oxygen and in the second experiment 
Group II, to a 3S,ooo-ft. altitude with oxygen. The exposures were carried out 
3 times a week in a low-pressure chamber which would accommodate 13 indi- 
viduals. Each exposure was one hour at the m ayi'mnm altitude. 

^ Group I. Eleven subjects, aged 20 to 26 years, were placed on the dietary 
regimen for a control period of 4 weeks. The subjects were then exposed 3 times 
weekly to a 13,000-ft. altitude without administration of oxygen, for a period 
.. of 9 weeks. After the last exposure the subjects were maintained on the dietary 
regimen for 9 days as an additional control. For convenience in handling the 
data, the entire term of the experiment has been divided into 5 periods; the 
pre-exposure period, 3 periods during which the subjects were exposed to the 
high altitude {Exper. periods I, II, III), and a 4th period which is called the 
post-exposure period although it includes 4 exposures with oxygen inhalation 
which were followed by 9 days without exposure. 

Determinations of the ketosteroids were made on 8 consecutive days 
during the pre-exposure period and every 3rd day throughout the remainder 
of the experiment. 

Group II. Seven subjects, aged 20 to 26 years, were placed on the dietary 
regimen for a control period of 12 days (pre-exposure period). During the next 
12 days {Exper. period I) they were subjected to voluntary hyperventilation 
on 5 occasions. In the next 12-day period {Exper. period II) the subjects were 
exposed 4 times to a 35,000-ft. altitude with administered oxygen for a total 
time of 90 minutes plus 50 minutes at 35,000 ft. with oxygen. In the following 
14 days {Exper. period III) they were exposed 5 times to 35,000 ft. with oxygen 
for a total exposure time of 5.25 hours. During the last 12 days of the experi- 
ment (post-exposure period), the subjects were not exposed, but were main- 
tained on the dietary regimen. Ketosteroid determinations were made daily 
instead of every 3rd day as in the first experiment. 


METHODS OF KETOSTEROID DETERMINATION 

The extraction of ketosteroids in the first experiment {Group I) was car- 
ried out by a modified benzene method. This method, suggested by Drs. F. C. 
Koch and T. F. Gallagher, was designed to fit the circumstances under whiA 
the extractions were made. The dry residues obtained were taken up in 95% 
ethyl alcohol and determinations of the 17-ketosteroid content were made y 
the Holtorff-Koch method (12) using m-dinitro benzene as the reagent. Rea - 
ings were made on a Klett-Summerson photoelectric colorimeter with a 520 /1/1 
green filter using crystalline androsterone^ as a reference substance. The e 0 
steroid values were calculated on the basis of 24-hour output. 


■* The crystalline androsterone was kindly furnished by Ciba Pharmaceutical Products, I 
Summit, N. J. 
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Correction for the intrinsic color of the extracts was also made according 
to the method of HoltorfE and Koch (12) emplo5dng a simultaneous determi- 
nation of the extract without the reagent. The value obtained with this blank 
was subtracted from the value for the extract mth the reagent. Determinations 
on each extract without the reagent gave a measure of the intrinsic colored 
substance presumably not due to the ketosteroids present in the extract. This 
colored substance or chromogen as it is termed, varied in intensity from light 
pink to dark red. It appeared on hydrolysis of the urine and persisted through- 
out the extraction process. The values obtained for the amoimt of this color 
have been converted to arbitrary day-units and are thus expressed in the 
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KETOSTEROID EXCRETION 


Mean volues during successive periods of the experiment 
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Fig. I. 


graphs. The identity of the substance or substances in the urine which give 
rise to the color obtained has not been ascertained. 

In the second experiment {Group II) the extraction method employed 
was that of Pincus and Pearhnan (13), using ether as the extractive. This 
method was employed because the shorter time involved in the extraction 
process allowed daily determinations to be done instead of determinations every 
third day as in the first experiment. Checks on the 2 methods gave comparable 
results and reference to figure i shows that the control values for the 2 groups 
of subjects fall essentially within the same range. Determinations of the keto- 
steroids were carried out as for Group I. 
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RESULTS 

Group I. Ketosteroids. The ketosteroid values for any subject” during the 
pre-exposure period showed considerable fluctuation. During the periods of 
exposure to stimulated altitude no immediate effect on the ketosteroid values 
was observed, i.e. fluctuation in values persisted with no apparent relation 
to exposure. In order to determine whether or not any general effect on the 


Table i. Group i. exposure to a simulated altitude of 18,000 ft. without oxygen 


SUBJECT 

BRE-EXPOSURE 

EXPOSURE PERIODS 

post-exposuhe 



I 

II 

ra 

PERIOD 


Ketosteroids^ 


I 

37-08 

36.80 

32.40 

26.79 

32.67 

2 

32.71 

27.52 

28.84 

23-93 

27.60 

3 

33 - 7 S 

30.23 

32.09 

29.41 

33-03 

4 

38.4s 

39-67 

- 39.47 

32.98 

40.9s 

5 

33 -61 

30.38 

29.26 

29.26 

32.0s 

6 

27.08 

34-86 

32.25 

24.49 

31.29 

7 

29.03 

34-77 

27.98 

34.89 

36.59 

8 

34-96 

27.12 

26.07 

30.17 

28.43 

9 

38.74 

35-20 

29.10 

33-11 

36.01 

10 

38.90 

37-85 

35-51 

46.09 


II 

34-75 

30.48 

26.78 

37-24 


Means 

34.46 

33-17 

30.52 

31.67 1 

33-77 

Chromogens* 

I 

O.I 

2.9 

3-4 

1-4 

0.2 

2 

3-1 

16.0 

12,0 

6.2 

8.6 

3 

0.8 

4.9 

4.3 

1.9 

I.O 

1 - ^ 

4 

7-5 

25.2 

23.2 

21.5 

33-6 

5 

4-3 

23.0 

lS-2 

13-7 

17-S 

6 

4-3 

1-7 

1-3 

0.6 

0.0 

7 

3-7 

12.3 

10.2 

12.5 

15.3 

9 

6.0 

10. 0 

6.9 

II. I 

9-3 

10 

0.9 

7-5 

9.0 

20.8 

17-S 

II 

4.4 

4.4 

3-3 

4.3 

2.0 

Means 

3-7 

II. 3 

9-5 

10.6 

10.8 


^ Mean values are expressed in mg/day. - Mean values are expressed in units/day. 


level of ketosteroid excretion was being produced by continued exposure, t e 
data were arranged so as to compare the mean values for each individua 
successive periods of exposure to the pre-exposure mean for that in ivi u 
Table i shows the values thus obtained for each individual. In figure i e 
values have been plotted in the form of a scattergraph. 

It is apparent from the values in table i that, in genera , no m 
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changes in the Ketosteroid levels occurred throughout the experiment. How- 
ever, statistical analysis of the group means showed a significant decrease 
from the control mean during the second exposure period (C.R. 2.26). Exami- 
nation of the indmdual curx'^es based on mean values for successive periods of 
the experiment showed, in most indmduals, a decrease in ketosteroid level 
during the first 2 or 3 periods of e.xposure. This tendency of the group in gen- 
eral is reflected in the graph (fig. i) which shows the individual means as well 
as the group mean for each period. The general shape of the mean curve for 
the group leads to the following interpretation: throughout the first 2 periods 
of intermittent exposure to 18,000 ft. there was a lowering of the ketosteroid 
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excretion level, but during the third period of exposure a reverse trend toward 
the pre-exposure level occurred; this occurred at the time when the ascorbic 
plasma level was the lowest. There was an almost complete return to the origi- 
nal level during the final period (post-exposure period). 

Chromogens. The substance or substances responsible for development of 
the intrinsic red color in the extracts (cf. methods of ketosteroid determi- 
nation) also showed considerable fluctuation in quantity on successive deter- 
minations. However, the chromogen data, when handled in the same way as 
the ketosteroid data (fig. 2) showed, for most individuals, a marked increase 
in the mean output during the first exposure period. The group mean for this 
period was significantly greater than the pre-exposure mean (C.R. 3.04). 

This general increase in chromogens was maintained throughout the ex- 
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periment, although in some individuals there was a tendency to return toward 
the pre-exposure level during the final period of the experiment. One individual 
showed a remarkably high chromogen mean during this final period (fig. 2). 
If the value for this individual is excluded from the group mean, the tendency 
to return to the pre-exposure level becomes more apparent. 

Group II. Ketosteroids. The ketosteroid excretion for the individual sub- 
jects in this experiment also showed considerable daily fluctuation. However, 
when the data was handled as in Grott-p I, using mean values for successive 


Table 2. Group n. exposure to a simulated altitude of 35,000 ft. with oxygen 


StTBJECT 

PRE-EXPOSURE 

1 

EXPOSURE PERIODS j 

POST-EXPOSURE 



n 

II 

m 

PERIOD 


Ketosteroids* 


I 

42.72 

52.48 

51.58 

52-23 

47.14 

2 

33-14 

38.50 

41.73 

35.27 

31-11 

3 

32.06 

36.62 

37-75 

33.28 

36.96 

4 

30-70 

33-87 

37-79 

34.69 

31-34 

s 

27.38 

26.65 

31-34 

27.63 

27.17 

6 

37-53 

47-65 

46.12 

46.00 

47.80 

7 

39-34 

41.21 

47-48 

41.42 

44-03 

Means 

34-70 

39.57 

41.97 

1 

38.65 

37-94 


Chromogens* 


1 

0.4 

0.8 

1.4 

0.3 

1.8 

2 

13-0 

6.3 

7.4 

10, 1 

10.3 

3 

3-0 

2.8 

3-7 

12.2 

21.1 

4 

9-3 

6.3 

7-5 

7-5 

19.6 

5 

1.0 

2.6 

1.6 

1.6 

2-5 

6 

4.0 

2.3 

2.1 

5-7 

6.6 

7 

1.6 

6.6 

3.8 

8.3 

9.0 

Means 

4.6 

4.0 

5-9 

6.5 

10. 1 


* Hyperventilation period. * Mean values are expressed in gm/day. * Mean values are 


expressed in units/day. 

periods of the experiment, a progressive change in the ketosteroid excretion 
was observed. This change was the reverse of that noted in Experiment A, i.e. 
the ketosteroids were increased in quantity rather than decreased. This group 
manifested a hyperexcretion of ascorbic acid. Table 2 and figure 2 show ^ e 
general tendency toward increased ketosteroid excretion during the peno 
of hyperventilation (/) and the following period of intermittent exposure to 
a 35,000-ft. altitude {II). Although the increases above the pre-exposure mean 
were not statistically significant, the individual curves show a genera con 
sistency in the type of response which might be considered to offset somew a 
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the statistically insignificant degree of change. During the third experimental 
period {HI), while exposure was continued, and during the post-exposure 
period there was a general tendency toward a return to the control level. 

Chromogens. As in Group I, the chromogen values for each individual in 
this group showed daily fluctuations. However, the pre-exposure mean of the 
group was very close to that of Group I (fig. 2). No change in chromogen excre- 
tion occurred during h}^er\fentilation at ground level, although an increase 
appeared later on e.xposure to 35,000-ft. altitude with oxygen. The change, 
however, was delayed until the second period of actual exposure (period III). 
This delay is thought to be due to the fact that the total exposure during the 
first period was only 140 minutes. The effect, therefore, became apparent when 
the total exposure time was increased (5J4 hr.). The chromogen mean of the 
group was still further increased during the post-exposure period. This further 
increase, however, was due to the high values obtained for 2 of the 7 individuals. 

DISCUSSION 

The results show a tendency toward a decrease in ketosteroid excretion 
with intermittent exposure to 18,000 ft. without oxygen and a tendency toward 
an increase with exposure to 35,000 ft. with oxygen. In both cases these effects 
were only temporary since continued exposure tended to be accompanied by a 
return toward pre-exposure levels. This suggests the operation of an adaptive 
mechanism such as has been observed in animal experiments (6, 7 and 9). 

The question arises whether or not the depression in ketosteroid excretion 
which occurred with exposure to 18,000 ft. was due to oxygen want. At the 
higher altitude with administered oxygen and a hyperexcretion of ascorbic 
acid, there was no depression in ketosteroid excretion; rather there was a sUght 
but consistent elevation. An elevation in steroid excretion also occurred with 
hyperventilation at groimd level. Since there was undoubtedly h)q)erventila- 
tion in association with the exposure to 18,000 ft., it seems reasonable that the 
decrease in ketosteroid excretion at this altitude may have been caused di- 
rectly by the h3q)oxia. It was associated with a decrease in the urinary excre- 
tion and plasma level of ascorbic acid. 

Neufeld (14) has reported that the ketosteroid excretion of rats is mark- 
edly decreased by exposure to high altitude. The depression in the ketosteroid 
excretion of human subjects on exposure to high altitude without oxygen is 
therefore consistent with the findings in the experimental animal. The lesser 
degree of change noted in the human subjects may be due to the fact that com- 
paratively less drastic conditions of exposure were employed than in the animal 
experiments. 

The 17-ketosteroids in the urine supposedly represent not only products 
of adrenal steroid metabolism, but also metabolicaily transformed testicular 
steroids. Fraser, Forbes et al. (ii) have found that in patients with Addison’s 
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disease the ketosteroid excretion is markedly reduced. In females with this 
disease they found no ketosteroids, while in males some ketosteroids were found 
but the level was very low. This residual ketosteroid excretion in males with 
hypo-functioning adrenals they consider as representing that fraction which 
is derived from the testicular secretions. In view of this, it is necessaiy to pos- 
tulate that the decrease in excretion of ketosteroids found with exposure to 
altitude (18,000 ft.) may reflect a depression in testicular function rather than 
an alteration in adrenal-cortical function. Recent work on the rat (15) presents 
evidence that exposure to high altitude causes reduction in the weights of the 
testes, prostate and seminal vesicles, indicating a probable diminution in 
androgen production by the testes. 

Because of lack of information concerning the nature of the chromogenic 
substance found in the urine, the significance of an increased excretion of this 
substance caused by exposure to high altitude cannot be surmised. Some ran- 
dom experiments indicate that perhaps the chromogenic substance and the 
ketosteroids are somehow related since efforts to increase or decrease the one 
by artificial means have generally caused a concomitant increase or decrease 
in the other. 

SUMMARY 

Two groups of human subjects on a controlled diet were intermittently 
exposed to simulated high altitudes. The first group (ii subjects) was exposed 
to 18,000 ft. without oxygen; the second group (7 subjects) was subjected first 
to a series of hyperventilations at ground level and then exposed to 35,000-ft. 
altitude with oxygen. Determinations of the neutral 17-ketosteroids and of 
chromogens were made on the urine of all subjects during the exposure periods 
and during the control periods at the beginning and end of each experiment. 
During intermittent exposure to 18,000 ft. without oxygen ketosteroid excre- 
tion was at first decreased, but as exposure was continued it returned to the 
original control level. Upon hyperventilation the ketosteroid excretion tended 
to be increased. Intermittent exposure to 35,000 ft. with oxygen also caused a 
temporary increase in ketosteroid excretion followed by a return toward the 
control level. However, the post-exposure level was higher than the pre-expo- 
sure level. This suggests that the effect of oxygen inhalation on 17-ketosteroi 
excretion should be studied further. Excretion of the chromogenic substance 
or substances, the nature of which is unknown, was increased by exposure to 
high altitude, but was not altered by hyperventilation at ground level. The re 
suits show that some alteration in ketosteroid excretion occurs in the respons 
of the human subject to conditions of simulated altitude. These results on , 
however, cannot be considered proof that the adrenal cortex is function 
involved in this response. 
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Influence of Bhnanual Exercise on 
Unilateral Work Capacitf^ 
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w. DONE PREVIOUSLY in this laboratory (i) had demonstrated 
that unilateral progressive resistance exercise which rapidly augments the 
strength and endurance of the homolateral linib, has a strikingly similar con- 
current effect on the unexercised contralateral extremity. The phenomenon 
had been discussed originally in the psychological literature of the late rgth 
and early 20th century (2-6). Cross education was demonstrable only when 
the subject was sufficiently cooperative and trained to put forth an all-out 
effort which approximated in its severity the maximal physiological work at- 
tainable imder the conditions imposed. It was postulated that widespread 
synergistic cocontractions, manifest as variations in muscle tone and attitude 
essential to the preservation of balance, were responsible for the phenomenon. 
The present study is an extension of the observations made in 1947. 

When loss of strength and endurance is the primary cause of physical dis- 
ability, the restoration of function is dependent upon the ability of the patient 
to exercise systematically in the over-load zone. The amount of work done per 
imit of time is of critical importance, and unless this exceeds that which can 
be done easily, little progress is made in the restoration of strength. Voluntary 
cooperation of the patient is imperative. Since nociceptive impulses emanating 
from traumatized tissues, fear of pain, deliberate or imconscious malingering 
mitigate against successful treatment, the finding of ways and means of expe- 
diting work capacity stands as a problem of first importance to the successful 
rehabilitation of the disabled suffering from disorders of the neuromuscular 
and skeletal systems. The purpose of this paper is to evaluate a simple, reflex 
method of augmenting work output. 

METHODS 

If vigorous unilateral exercise elicits associated movements or increased 
tone in symmetrically disposed muscle groups, it was postulated that the con 
current contraction of homologous parts might be sufficiently dynamogenic to 
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excite the weaker side to increased effort. Most human subjects demonstrate 
the phenomenon of laterality. Thus, tlie normal individual manifests a physio- 
logical difference in tlie functional capacity of symmetrical structures not un- 
like that present in the disabled except in degree. Selected muscle groups of the 
right and left upper extremity were subjected alternately to identical stress 
until the weaker of the two sides failed to accomplish the requisite number of 
contractions against a prescribed load in the assigned rhythm. The dominant 
limb was then made to contract synchronously with the one which had failed. 
The object of the experiment was to study the influence of bimanual exercise 
on the work capacity of tlie weaker extremity. 

The subjects of the experiment w^ere 29 normal healthy adults. They per- 
formed 52 e.xperiments consisting of 962 unilateral and 268 bilateral exercise 
bouts. Nine were excluded subsequently because cessation of exercise occurred 
Mthout adequate evidence of fatigue. Few untrained subjects are inured suffl- 
ciently to the discomforts of severe exercise to put forth a reliable all-out effort 
unless strongly motivated to do so. A mean decrement of at least 30 per cent 
in work output per bout was accepted as the most unbiased criterion of ade- 
quate performance. Variations in the duration of exercise were thus also 
equalized. This left a group of 32 experiments performed by 20 subjects, 5 male 
and 15 female, varying greatly in strength. 

Work was done on two nearty identical ergographs (7) and consisted of 
maximal volitional wrist extension. Slight differences in friction and weight of 
the load carriage of the two ergographs were disregarded. Whatever advantage 
they gave was in favor of the weaker side of the average subject. Shen (8) has 
shown that equally heavy weights simultaneously hfted are far from psycho- 
logically equally heavy. When the equipment was loaded under experimental 
conditions, the relative magnitude of the difference diminished and probably 
fell to a point significantly below the threshold of bilateral discrimination. 

The load selected was lifted and lowered repetitively to the rhythm of an 
audio-visual metronome set at 100. The work was performed as a two-count 
exercise without pause at the peak of the shortening or termination of the 
lengthening phase of each movement cycle. Each extremity performed 25 re- 
petitive contractions rmilaterally, commencing with the preferred hand. The 
contralateral limb remained at rest during the exercise of the opposite ex- 
tremity. Thus every 30-second period of exercise was followed by a 30-second 
rest pause. The subjects were urged to make every contraction a Tnavimal 
volitional effort. Inspection of the ergograms indicated whether or not per- 
formance was reliable. Two experiments were excluded because the range of 
movement fell off precipitously, and was then maintained at partial extension 
for a protracted interval of time without appreciable reduction. When the load 
could no longer be lifted the requisite number of times in the prescribed rhythm, 
the standard rest pause of 30 seconds was allowed after which both hands 
exercised concurrently. The relation of the work done in the last unilateral bout 
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of the faUing side to the functional capacity in the first bfiateral bout was ac 

cepted as fte criterion in terms of which the dynamogenic effect of the pro' 
cedure might be judged. ^ 


The single most difficult step in the procedure was to arrive at a reliable 
method of selecting a load which would produce progressive fatigue at a rate 
rapid enough to prevent invalidating errors in work capacity, due to stereo- 




Fig. I. a) Curves of work illustrating response of subjects of varying strengtli to successive 
bouts of 25 repetitive contractions/30-sec. lifting loads which increase by increments of .25 kg. b) 
Frequency distribution of load carried during exercise, c) Frequency distribution of total no. of con- 
tractions prior to failure of the weaker hand. This indicates the range and variability of the duration 
of the total effort, d) Frequency distribution of work done by the right hand prior to the failing 
bout, e) Smoothed frequency histogram of total work done prior to the failing bout by the right and 
left hands combined in alternate bouts of 25 repetitive contractions each. /) Frequency histogram 
of work done by the left hand prior to the failing bout. 


typing and boredom, but not so rapidly that the load could no longer be lifted 
after 40 or 50 contractions. Preliminary trial suggested 8 bouts or 200 con- 
tractions per extremity as the optimal stress for the purposes of the experiment. 
The load was selected by the so-called limit-day procedure (9). This was ad- 
ministered to the nonpreferred and presumably weaker hand. The rhythni an 
number of contractions per bout were held constant. The load was the in e 
pendent variable. In the majority of experiments this commenced with .25 'g- 
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and increased by equal increments in successive bouts until the speed and 
duration constants could no longer be met. The standard rest pause was inter- 
posed between bouts. The curve of work for each subject was then computed. 
These vary with the strength of the subject, but are strikingly similar (fig. i) 
if the e.xperiment is well performed and every contraction is an all-out effort. 


If the limit day test has been 
reliably administered, any load be- 
yond the intra-individual optimvun 
^vill be fatigue-producing. The fur- 
ther it falls in the over-load zone 
the more rapid wdll be the exhaus- 
tion. Thus in approximately 50 per 
cent of the cases, the load selected 
was that carried in the bout which 
preceded the one in which the sub- 
ject failed to execute the assigned 
number of contractions. In the re- 
maining cases it was either reduced 
or increased, depending upon the 
shape of the curve of work, the be- 
havior of the subject, and the slope 
gradient of the ergographic fatigue 
curve. Although the ergograms are 
highly diagnostic to the experienced 
observer, cues inherent in the rec- 
ords were obviously misjudged in 
the early phases of the experiment. 
The inclusion of subjects who had 


BOOTS 



performed poorly rmder the limit 
day procedure was the most fre- 
quent cause for the subsequent elim- 
ination of experiments. Errors in 
gauging a fatigue-producing load 
were sometimes corrected by aug- 
menting the stress during the sub- 


Fig. 2. o) {Upper) Mean fatigue curve of 
total group. The work done in successive bouts is 
computed as percentage of initial functional 
capacity. Shaded areas indicate standard deviation 
of each mean, h) {Lower) Mean fatigue curve of the 
experiments retained after the exclusion of all pro- 
cedures in which the average decrement in work 
output/bout was less than 30 per cent. 


sequent experiment, but this was not always successful. Figure i summarizes 


the range and incidence of the loads carried, the number of contractions 


and the work done. 


The mean fatigue curve for the total group and its variability are re- 
corded in figure 2a. That for the group retained (fig. 26) indicates that the 
mean decrement in work capacity prior to bilateral exercise was approximately 
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40 and 50 per cent for the right and left hands respectively. This was attained 
on an average in the fifth bout after which steady-state work supervened. 
Under mounting stress differences in work capacity due to laterality domi- 
nance became increasingly evident. 

RESULTS AND INTERPRETATION 

Comparison of the total work done in the failing bout with that achieved 
during the cocontraction of the dominant hand indicates that bimanual exer- 
cise was significantly dynamogenic. Since the mean number of contractions 
in the failing bout was usually about 80 per cent of the standard, whereas that 
of the first bilateral bout was virtually 100 per cent, the statistical significance 
of the effect was also computed on the basis of the work done per stroke. The 
results are summarized in table i. The evidence indicates that the revival in 
strength evoked by bilateral exercise was not only conducive to augmentation 
in endurance, but also enhanced contractile power. 


Table i. Influence of bimanual exercise on unilateral work capacity 


UVST UNILATERAL BOUT 

nSST BILAXEKAL 350J3T j 


S.B. Of 
BIFFERENCE , 

C.R. 

MEAN 1 

S.D. 

1 

MEAN 


is.tn. 


kSM. 


kS.m. 





Total Work Done by the Failing Hand 



4.4s 1 

[ 1-87 1 

6.16 

2.32 

i>7i 1 

1 -53 ] 

1 3.23 


IF ork Done per Stroke by the Failing Hand 



1 

0.229 1 

.0251 

0.257 

.0289 

1 

0,0284 

[ .006S 

4.18 


Figure 3 illustrates the revival in strength demonstrated by a well trained 
subject. Figure 4 contains other examples. The mechanism of the effect may 
be psychogenic, or explainable in terms of facilitating irradiation of motor 
impulses when exercise is carried on under conditions of maximal voluntary in- 
nervation. In 1934 Metfessal and Warren (10) observed overcompensation by 
the non-preferred extremity of right and left handed subjects when the first 
two fingers of both hands were moved simultaneously. Action potentials ap- 
peared first in the hand not used in writing. 

Revival in strength also occurred on the dominant side. This is well illus 
trated in figure 3. The magnitude of the revival was not computed because 
the rest pause preceding sychronous bilateral activity was equal to 30 secon s 
plus the period during which the contralateral limb was executing the ai ing 
bout. Since the effect of the added rest per se was unknown, quantitative stu y 
of the improvement in work capacity would have little meaning. However, i 
was observed that the subjects had a tendency to throw the stronger an 
upward during bimanual activity, as though the preferred limb was unco 
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sciously exxrling more force than previously. The load carried by the dominant 
hand felt curiously light when lifted in synchronous rltythm with the opposite 
e.xtremity. 

In 1923 Walshe (n) demonstrated that forceful tonic contraction of the 
normal arm of patients suffering from hemiplegia evoked associated move- 



Fig. 3. Bilateral ebgogr,vms illustrating fatigue of the dominant and nonpreferred hands 
tvhen subjected to alternate bouts of repetitive contractions with load, rhythm and rest pauses 
held constant Revival in strength evoked by contracting both hands simultaneously is also illustrated. 



Fig. 4. Illustrattvi: esgograms showing last unilateral bout of the failing hand and the 
revival on the first bimanual bout. 

ments in the paralyzed contralateral extremity. In some pathological conditions 
the movements of the two hands cannot be dissociated. Thus, the child with 
infantile spastic hemiplegia often demonstrates so-called ‘copying,’ the in- 
volved side executing movements in unison with the normal extremity although 
powerless to initiate these volitionally. Synkinetic movements of many types 
may be evoked in the cerebral palsied, many of whom also show facilitation 


452 


F. A. HELLEBRANDT AND S. J. HOUTZ 


Volume 2 


associated with contralateral inhibition in response to the tonic neck reflex. In 
our own normal cases we observed repeatedly an unconscious, forceful turning 
of the head toward the exercising limb concomitant with each contraction, re- 
versing in direction as the bouts shifted from one to the opposite side. Bilateral 
exercise was associated with hyperextension of the head. Thus there are many 
reasons to suppose that the dynamogenic effect of the procedure under study 
is reflex in origin. 

Preliminary clinical application of bimanual exercise tends to confirm its 
probable therapeutic utility. We have observed striking duplication of the 
exact pattern of contraction by a patient with spastic quadriplegia when made 
to exercise bimanually. Bilateral work done on the grip ergograph (12), by a 
patient suspected of malingering, demonstrated that the force of the contrac- 
tion on the involved side superseded that attained unilaterally, when attention 
was focused on the activity of the normal extremity. The problems, aroused in 
differentiating between the psychogenic and neurogenic hypotheses presented, 
have led to the initiation of further observations on unilateral, bilateral, alter- 
nating and reciprocal exercise. 

SUMMARY 

Return of normal neuromuscular function following injury or disease may 
be dependent on volitional exercise. If augmentation in strength is the major 
therapeutic objective the exercise prescribed must be in the over-load zone. 
Since the will to work at levels which exceed easy performance may be de- 
fective, it is sometimes of practical importance to find ways and means of ex- 
pediting work output refiexly. Thirty-two experiments were made with 20 
normal adult subjects to observe the effect of bimanual exercise on the func- 
tional capacity of the weaker limb. Cocontraction of the dominant hand in- 
dicates that bilateral exercise is significantly dynamogenic, increasing con- 
tractile power and endurance. 
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F 

JL ick’s principle was elucidated in 1870 (i), but it was many years before 
it was applied to man. Now samples of mixed venous blood from the pul- 
monary circulation are compared commonly with those obtained from a 
systemic artery to allow routine applications of the principle. Owing to the 
temporary instabilities in balance, which beset carbon dioxide exchange, the 
principle has been applied mainly to oxygen utilization. Yet the method has 
limitations, since numerous repeated observations on a single individual are 
not practicable. 

Many methods have been devised as substitutes, including the dilution 
effects produced by the circulating blood on injected dye or saline, recoil 
phenomena associated with cardiac contraction, as well as deductions from 
observed changes in the size of the heart or from the pressure fluctuations in 
the large arteries. Indirect applications of the Pick principle have also been 
made utilizing carbon dioxide, oxygen or a foreign gas, in which the gas contents 
of venous and arterial blood have been predicted from the gas tensions in the 
lungs. Such appheation of the Pick principle in the case of carbon dioxide are 
of importance as the foundation of the present method and they alone will be 
discussed here. 

Por such indirect estimates carbon dioxide is preferable to oxygen, in 
spite of the difficulties resulting from instability. The method cannot readily 
be apphed to oxygen owing to the low concentrations of oxygen that have to 
be used, which induce anoxia and are liable to cause mental confusion. Dif- 
ficulties arise also with foreign gases but these cannot be discussed here. 

In the indirect application of the Pick principle, the assumption is made 
that, if a gas mixture when taken into the lungs neither gains nor loses carbon 
dioxide, the tension of this gas in the lungs must equal that in mixed venous 
blood. If the composition of the blood is adequately known, as far as acid-base 
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buffers and hemoglobin concentration are concerned, the carbon dioxide 
tension aUows the content to be predicted. The content of this gas in arterial 
blood can be determined by direct sampling or can be predicted from the 
tension of arterial alveolar air. In the past ‘virtual venous alveolar air’ has 
co^only been employed in determining the content of venous blood, and 
this precedent has been followed here. Under these conditions a high oxygen 
content is used in the inspired gas, so that the carbon dioxide tension deter- 
mined for venous blood is that which exists in blood which is fully oxygenated, 
but which has been unable to lose appreciable quantities of carbon dioxide. 

Such methods have been repeatedly attempted and found inadequate 
and abandoned, so that it is necessary to explain why any new attempt was 
made. In the past, starting with Krogh and Lindhard (2), Douglas and Haldane 
(Si 4)} Henderson and Prince (5), and continuing in many subsequent re- 
searches, great differences were fovmd in the apparent quantity or quality of 
venous return according to the method used for obtaining uniform gas mixture 
in the lungs. Thus Douglas and Haldane found an apparent very low tension 
in mixed venous blood (3) when the breath was held, while much higher values 
were obtained with deep breathing (4). ICrogh and Lindhard recognized that 
breathing procedures modified the absolute flow of blood, but neither they nor 
most of the later workers considered that serious alterations in the composition 
of mixed venous blood could be caused thereby. All the methods employed 
active cooperation of the individual under examination with modification of his 
existing respiratory pattern. 

The use of such procedures for obtaining full mixing of gases in the lungs 
seemed both justifiable and essential at that date. Now they are no longer 
justifiable. It has been shown by Shore el al. (6) that the composition of the 
blood in the superior and inferior venae cavae in dogs differs greatly. The same 
must be true in man. It is now known that the cerebral return constitutes a 
large proportion of the resting blood flow in the superior vena cava. Since this 
cerebral blood has an unsaturation of approximately 60 ml. of oxygen per 
liter, the blood in the superior cava must be relatively highly unsaturated. 
On the other hand the larger proportion of the blood in the inferior cava is 
derived from the liver (with an oxygen unsaturation of only some 35 ml/1.) 
and the kidney (with one of only some 10 ml/L); its oxygen unsaturation must 
therefore be low. It is inconceivable that respiratory movements co^ e 
greatly modified without temporarily altering the ratio of these two in ows 
to one another, thus modifying the composition of the pulmonary 00 
The present method differs from its predecessors in insisting on a maintenance 

of a normal respiratory pattern. . t ^ nt 

The possibility of errors arising, if the respiratory pattern is a tere , 
be denied. However the importance of such errors is not established, ^nemig 
anticipate that holding the breath in an inspiratory position might mocWy 
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situation, but it is not clear why taking repeated deep breaths should ap- 
parently alter the composition in the opposite direction; yet relatively low 
arteriovenous carbon dioxide differences have been usually reported with 
breath holding, and much higher values with forced deep breathing. It is quite 
possible that more than one source of error exists, and that errors of opposite 
sign sometimes may counteract each other. Since a short temporary vaso- 
constriction in the finger vessels can be demonstrated to result from a voluntary 
deep inspiration (7), the possibility of similar reactions in less accessible vessels 
cannot be excluded. Such a vasoconstriction occurring in the renal vessels could 
not be demonstrated readily with present technics, but it would greatly alter 
the composition of mixed venous blood. That opposing mechanical and reflex 
factors may be concerned in causing errors is suggested by the interesting work 
of Gray, Bing and Vandam (8) which to some extent stimulated this research. 
With a routine combining deep breathing and breath holding, credible values 
for the carbon dioxide tension of mixed venous blood were often obtained, but 
the consistency was not high. Other evidence suggesting the possibility of 
errors from changed respiratory patterns is given in results obtained following 
exercise. Under these conditions respiration is very active and cannot easily 
be modified. The old indirect estimates from carbon dioxide exchange gave 
values which agree (for similar levels of oxygen consumption) closely with 
recent estimates made after exercise by the direct Pick procedure. For this 
observation we are indebted to a personal communication from Dr. C. G. 
Douglas to one of us {H. C. B.). 

The problem of utilizing carbon dioxide exchange for the measurement of 
cardiac output depends on three factors: i) the introduction of a gas with a 
proper composition into the limg and the production of adequate mixing within 
a period of 15 or at most 20 seconds without voluntary modification of the 
respiratory pattern or other cooperation by the subject; 2) the use of adequate 
precautions to ensure a stable balance in carbon dioxide exchange at the time 
of measurement; j) the uti liz ation of the determined gas tensions to determine 
the actual composition of mixed venous blood. The present paper is concerned 
mainly with the practicability of the first of these; the second and third factors 
are scheduled for later investigation. 

The conclusion could readily be drawn from past literature that adequate 
mixture of gases in the lung is not a possibility within 15 seconds with quiet 
respiration. This conclusion is not valid. Mixing in the whole respiratory path 
may be slow but the main difficulty arises from the dead space; in any case 
imxing in the alveoli is by no means as difficult as was assumed by the earlier 
workers. They foimd that breathing deeply gave an apparent equilibrimn at a 
level different from that obtained with shallower breaths. They therefore 
thought that adequate mixing had not occurred in the latter case. Only Douglas 
and Haldane paid attention to the possibility of altering the ratios of the 
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blood stream returning from different areas. Even they did not credit such a 
factor as possibly causing unwarranted conclusions on gas mixtures. The older 
data on mixing in the lungs cannot therefore be accepted as necessarily valid. 


METHODS 


Rapid mixing of gas in the lungs was at first attempted by modifications 
of the two-bag system recommended by Gladstone (9). Later rebreathing from 
a single bag was utilized, but the difficulty of obtaining an initial rapid rise in 
the alveolar carbon dioxide tension was overcome by enrichment of the first 
inhalation with a measured additional volume of pure carbon dioxide. This 
enabled equilibrium to be approached rapidly without later respirations in- 
troduemg excessive amounts of carbon dioxide. The amount of gas so added 
to the first inspiration was calculated according to the principles discussed later. 

All the determinations were made on three experienced subjects, whose 
weights, heights and estimated surface areas are given in table i. Through the 
courtesy of Dr. W. F. Fowler of the Department of Physiology in the Graduate 
School of Medicine the functional residual airs (that amount of air present in 
the lungs at the end of a normal expiration) were determined in each subject 
by the Darling (10) method. Though these determinations were not essential 
for the method, they helped to establish factors that are probably concerned. 
Values for three subjects are also given in table i. The subjects were basal, 
and examinations were made after 45 to 60 minutes recumbency in a room at 
22°C. (usually with about 50% humidity). The experiments here reported were 
carried out in the spring (see table i), so that the subjects were not exposed to 
extreme climatic conditions before entering the room. The usual routine was 
as follows: a) Haldane Priestley expiratory alveolar air sample; b) two com- 
plete rebreathing procedures; c) determination of the output of carbon dioxide 
by spirometry; following this b) was repeated and then a). Ten minutes was 
allowed for recovery after any alveolar air procedure, whether arterial or 
venous. It is reasonable to suppose that the means of the alveolar air samples 
symmetrically spaced on either side of the carbon dioxide output measurement 
corresponded with this output. 

The equipment used is as follows. A mouthpiece of soft rubber connecte 
the subject with a slide Valve, and his nose was closed with a light clip. The 
slide valve was constructed of Incite and plexi glass, equipped with three ports. 
The inspiratory and expiratory ports were fitted with Japanese gas-type 
(ii.i) valves (obtained from Warren G. Collins Company, Boston, Mass.). 
These provided low resistance and volume of dead space. The inspiratory por 
could be left open to air, or attached to an O2 supply. The expiratory port was 


connected to a spirometer. 

The valve could be easily slipped to the third port. This was 


equipped 
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with a 1500 cc. rubber bag for rebreathing, or a 5-foot rubber hose for the 
expiratory alveolar airs. Samples were taken at the level of the teeth by a small 
rubber catheter (i.d. = 0.15 cm.) in the mouthpiece. The total dead space of 
this port from mouthpiece to mouth of bag was 26 cc. In its base the third 
port had a small bag sampling tube and a large (i.d. = 0.6 cm.) tube slanted 
toward the mouthpiece. The large tube permitted the addition of a measured 
volume of 100 per cent COj to the first inhalation of the rebreathing procedure. 

The bag volume w^as kept at a minimum so that by 20 to 25 seconds the 
subject w'ould be emptying the bag but would not be deprived of air. The 
mixture used in the bag consisted of CO2 6 per cent; O2 34 per cent and N2 
60 per cent. 

In the rebreathing procedure, after the valve was moved to the third port 
and the 100 per cent CO2 added to the first breath, end expiratory samples of 
most or aU respirations were taken for the first 30 seconds. Sampling tubes (ii) 
were especially constructed to clear the dead space of the sampling catheter 
before each sample was taken. Analyses were done on a Scholander apparatus 
so that sample volumes were only 5 to 10 cc., enabling us to avoid reducing 
lung-bag volumes greatly. Timing of the samples was by stopwatch. 

The volume of carbon dioxide to be added to the first inspiration depends 
on the level to which the total gas mixture has to be raised to attain equilibrium, 
and the volume of gas involved. For this reason the data of the fimctional 
residual airs are useful. Actually m the absence of this information one or two 
preliminary experiments can decide the magnitude of the amount needed to 
provide a ‘plateau’ within a requisite short period of rebreathing. For instance 
suppose that the arterial alveolar concentration of carbon dioxide was 5.5 
per cent and the point of equilibrium was of the order of 7.0 per cent in subject 
C.W. If the voliune of the bag and its accessories was 1000 ml. and the gas 
was 6 per cent CO2, the amount of extra carbon dioxide needed to reach 
equilibrium is 0.015 (2450) for the alveolar gases and o.oi X 1000 for the bag or 
a total of 37 -f 10 or 47 ml. If the initial carbon dioxide added was 43 ml. (as 
is indicated to be the most suitable volume for this subject according to fig. 
i) the total amoimt to be added by the lungs would be only 4 ml. One might 
imagine that much larger amounts could be added readily by a system pro- 
ducing normally some 3 ml. per second, but this is not the case, since the con- 
ditions of equilibrimn must be approached and at equilibrium the output is nil. 
Actual estimates were made by spirometry to determine the approximate out- 
put of carbon dioxide per second, when the subject inspires a 6 per cent con- 
centration of carbon dioxide in oxygen. The rate of output in four experiments 
on two subjects fell in the range of 0.3 to 0.5 ml. per second for durations such 
as those employed in rebreathing. 



Table i. Caebon dioxide equiubridm values and derived cardiac output values 
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RESULTS 

Table i shows the results obtained in a series of experiments lasting over 
a period of several weeks. The observed data need little explanation. Venous 
carbon dioxide gas tension was derived from the values of an apparent plateau, 
provided that this was not reached earlier than the 12th or later than the 21st 
second of rebreathing. A plateau was accepted as established if two successive 
end expiratory samples did not differ by more than 0.06 per cent in concentra- 
tion. Such experiments are grouped in the table as A experiments. 


Table 2. Experiments on H. K. 
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’ Haldane Priestley end expiratory alveolar air sample. * + Accepted. o Rejected. 
? Questionable. ® Technical error of uncertain origin. 


Details of two experimental runs are given in table 2 which indicates the 
analyses both when a definite plateau seemed to be attained, and also when 
in the same subject no evidence was obtained sufficient to indicate such a 
level clearly. In ‘questionable plateau,’ differences of o.i per cent were allowed 
in concentrations, or the time limit of 21 seconds for sampling might be ex- 
ceeded. This time judged at most was 26 seconds. Such experiments are 
grouped in table i as 5 experiments. 

The estimated values of the same table need more explanation. Bloods 
were not examined in these subjects other than for gross evidence of normality. 
Such procedures were postponed, since it is planned ultimately to attempt 
determinations of this type simultaneously with the measurement of cardiac 
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output by the direct Fick procedure. The difference in carbon dioxide content 
between venous and arterial blood was therefore estimated on the assumption 
that in these subjects the average slopes of the dissociation curve did not 
differ greatly from that published for Haldane (3). While this is not likely to 
be true for each subject, the mean slope for all three subjects is likely to be 
of the same order as this classical curve. From this additional data, the cardiac 
outputs and stroke volumes were calculated. 

From the average estimations of the A.V. differences for carbon dioxide, 
those for oxygen may be estimated on the assumption that the R.Q. averaged 
0.81. The resulting values for the A.V. difference in oxygen are given in table 
3 for comparison with data in the literature. The agreement is striking as is 
also the consistency of the estimates in table i. On subjea CJM., in whom 
the spread of the results was greatest, the variations were mainly dependent 
on the subject, for variations in the pulse rate were even greater. 


TABI.E 3 


SUBJECT OR REFERENCE 

AVER, PULSE 

AVER- A-vCOa 
BlPTERENCE 

i 

AVER. A-V COi DIFFERENCE; 
ESnUATED OR OBSERVED 



wl. % 


c.w 

S6.8 

4. II 


C.J.M. 

64.0 

3.21 

3.96>mean 4.57 

H.K 

1 50.5 

1 3.81 

1 4.70] 

McMichael & Sharpey-Shaefer ( 6 ) 

1 80.0 

1 

1 4.5] 

Stead ct al. (5) 

[ 82.0 


4 .o>meaa 4.33 

dournand (4) 



4 .s| 


Mean, stroke for 3 subjects = 87.1; median stroke for 3 subjects = 88.7; mean pulse rate for 
3 subjects = S7.i; mean cardiac output = 5.00. 


DISCUSSION 

The reliability of the values obtained can best be estimated by comparison 
with those reached by the direct Fick procedure. However, this comparison 
gives no absolute answer. Table 3 indicates that the average arterio-venous 
differences for oxygen estimated for these subjects agrees closely with those 
reported by others lor the direct Fick procedure. In subject CJM. the in 
dividual data also agrees well; mean pulse rates, stroke volumes, car lac 
outputs, and indices fall within their accepted ranges. The same is not true 
of the other two subjects. Here the A.V. differences are somewhat grea e , 
cardiac outputs somewhat lower. The most obvious contrast is in ^ ® P ^ 
rates which fall in a range very rare in the reported values obtained by 
Fick procedure. Consequently, any agreement with the direct values m P 
would only occur with greatly exaggerated stroke volumes. The , 

the two sets of data presumably are due to the greater relaxation 0 
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in tb,e absence of catheterization procedures. This is substantiated by the 
stable consistency of the slow pulse rates in these two subjects. It could be 
argued that the data agree surprisingly well with those by the Pick procedure. 
None the less, the}^ seem to imply that cardiac outputs may be lower than is 
commonly accepted, provided that the subject is fuUy relaxed. 

There is no reason to assume any source of gross error. The concentra- 
tion of oxygen in the bag at the end of rebreathing (over 30 sec.) was estimated 
several times and never fell below 16 per cent. At the time of estimation of 
venous equilibrium it must have been much higher. Evidence of lung-bag 
mixing was tested in the two subjects with the larger functional residual airs. 
According to the criterion of Adams and Sandiford (12) it appeared adequate 
after 12 seconds. 

The respiratory pattern was little affected by any of the procedures, 
except after some 10 or 15 seconds of rebreathing. Usually the subject could 
notice the turning of the tap, but could not distinguish in the early stages 


Fig. I. Black aeea: range in which ‘plateau’ was obtained. 
Shaded aee.\; range in which ‘questionable plateaux’ were obtained. 

AVEl. rUKCnOHAL EESTOUAL 

SOTJZCr A-V DirraKZKCE AIR VOLUME 

cc. 


C. W. 4.08 24 SO 

C. J. M. 3.2 1970 

H. K. 3.89 1520 



between an actual run or diunmy procedure. Only after 10 or more seconds 
did the subject notice any tendency to increase his respiration. Often the 
change might develop only after 15 or 20 seconds. Consequently, any respira- 
tory response to carbon dioxide accumulation is unlikely to have modified 
significantly an equilibrium already almost complete. 

Nor is recirculation of blood hkely to have had serious effects. Baumann 
and GroUman (13) using right heart puncture found recirculation to commence 
in 13 to 20 seconds, while Chapman et al. (14) more recently by heart catheteri- 
zation consider that within 19 seconds an error of only 5 per cent would occur 
in estimation of the tension of a foreign gas. 

The evidence of the value of an initial priming of the respiration with an 
increased concentration of carbon dioxide has been indicated in the presenta- 
tion of the methods used. The amoimt of carbon dioxide to be added to the 
system to produce a rapid approach to equilibrium is rather critical. The values 
-for the three subjects are indicated in figure i, where the heavy shading indi- 
cates volunfes giving a real plateau, and the lighter shading volumes adequate 
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to produce a questionable plateau’ usable for estimation of cardiac output 
They imply that the divergence from the ideal volume should not be much 
greater than ±5 ml. The actual volume needed is greatest in subject C.W. in 
whom the functional residual volume was greatest and the level of tension 
needed for equnibrium highest. The amounts needed in the other two subjects 
are similar since the subject with the higher functional residual air attamed 
equilibrium at the lower carbon dioxide tension. 

There is no information available as to the probable success of such pro- 
cedures in attaining equilibrium in subjects with abnormalities of the lungs. 
However, further modifications of the method with sampling of alveolar air 
rather than air from the level of the teeth have recently been made in this 
laboratory by some of the present group. These will be reported later.'* Such 
modifications make the attainment of adequate mixing much easier in normal 
subjects. While it would be advantageous to utilize experimental periods of 
shorter duration, it has not been found possible consistently to demonstrate 
plateaus in shorter periods than 20 seconds with the present procedure. One 
may therefore suppose that one or other of the two procedures, or a combina- 
tion of both should be able to solve the problem even in abnormal subjects. 

SUMMARY 

Breath holding and similar respiratory movements are likely to alter the 
circulation so their use should be avoided in measuring the rate of blood flow. 
CO2 output is insufficient in a rebreathing experiment to raise functional resid- 
ual lung volumes from arterial to venous levels before recirculation begins. 
A method is described for obtaining an alveolar venous CO2 concentration 
within 21 seconds under suitable conditions, with little disturba,nce of respi- 
ration. The amount of CO2 which must be added to a lung-bag system to 
raise functional residual volumes from arterial to venous levels under con- 
ditions of normal respiration is rather critical. Use of this method in 3 sub- 
jects has shown A-V differences that compare favorably with direct estima- 
tions. 
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Oxygen Metaholism of Moderate Exercise, 
with Some Observations on the 
Effects of 2 ohacco Smoking 

/ 

F. M. HENRY and J. R. FITZHENRY. From the Department of 
Physical Education, University of California, Berkeley, Californio 


Jm. EW QUANTITATIVE STUDIES of moderate exercise have been detailed 
enough to define the normal range of individual differences in the several 
components of oxygen economy under standardized conditions. A recent study 
by Berg (i) does present the mean and variance of oxygen debt and rate of 
metabolic recovery for 28 men, heterogeneous as to age and physical status, 
who did 3 minutes of stool stepping at a rate of about 340 kg. m. per minute. 
However, the total oxygen cost and net current income were not reported. 

The acute effects of tobacco smoking on performance have received sporadic study over 
a period of some years. Typical experiments are those of HuU, who found (2, p. 142) that 
in the habitu6, smoking increased hand tremor but tended to improve psychomotor per- 
formance and increase resistance to fatigue, and Fay (3) who concluded that smoking had no 
significant effect on reaction time. Juurop and Muido (4) in a study of 4 subjects working on 
a bicycle ergometer, observed that one or two pre-exercise dagarettes increased the heart 
rate during exercise but had no effect on oxygen income during the work period. They did 
not measure oxygen debt. Kay and Karpovich (5) found that smoking a dgarette did not 
influence recovery from the local fatigue of a hand dynamometer exerdse, if the experiment 
was adequately controlled. (An earlier experiment by others had reported slower recovery.) 
Vasoconstriction from smoking was observed by Wright and Moffat (6), Lampson (7) and 
Hines and Roth (8). A heart rate increase has also been well established (2). McFarland 
el al. (9) found that inhaling a single cigarette increased blood carboxyhemoglobin 2 per 
cent and 3 dgarettes 4 per cent, resulting in a measurable loss of visual sensitivity. 

METHOD AND PROCEDURE 

Eighteen young men, all habitual smokers, mostly ages 25 and 26 years 
and with an average weight of 166 poimds, did 3,070 kg. m. of work in 5 
minutes on an electric bicycle ergometer. The rate of movement was 69- 
pedal rpm. Two such exercise bouts were performed, one immediately after 
the other, on each of 2 days (at the same time of day) according to the following 
schema : /A ^ control ; IE = smoking ; IIC = control; and II D = control 
Each exercise bout was preceded by 17 minutes of rest and followed ^ y 
minutes of recovery. Oxygen consumption was recorded during the 7-mmu e 
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rest period, tliroughout the exercise period and the entire recovery period. 
During the pre-e.xercise rest of test B, the subject smoked one or 2 cigarettes 
(mostly 2). All subjects inhaled. They had been requested to refrain from 
smoking on the e.xperimental day. There is of course no way of knowing the 
degree of compliance with this request. In the writers’ opinion, no subject had 
smoked as recently as 2 or 3 hours before the experiment. 

To balance out any training effect, some subjects did the Series II tests 
before Series I. This experimental design made it possible to make 3 t}q)es of 
crucial comparisons: i) Experimental vs. control exercise bouts done on the 
same day {B — A). 2) Experimental vs. control bouts on one day, corrected 
for fatigue, training, or practice effects observed in a parallel control vs. 
control series on another day using identical timing and done at a comparable 
hour. Algebraically, this amounts to 5 — (A + (D — C)). 3) Experimental 
vs. control exercise bouts done on 2 different days, each preceded by a standard 
exercise and recovery period which presumably reduced possible erratic in- 
fluences of pre-test factors (B — D). 

Oxygen consumption was determined with a closed circuit Metabolar, 
modified to use | i.d. air passages and appropriately sized flutter valves in- 
stalled next to the face mask. The mask was prepared with fresh rubber 
cement on the contact surfaces to avoid air leakage. The soda-lime CO2 ab- 
sorbent was changed regularly and frequently. All records were measured 
independently by 2 individuals. The standard error of measurement was .14 
to .17 liters for individual current income and debt, so the group averages are 
subject to a measurement error of the order of .04 liters. Several types of 
oxygen consumption measures were computed in accord with the following 
definitions: 

Cttrrenl income. Oxygen in excess of the resting rate taken in during the 
period of exercise. 

Oxyge)i debt. Oxygen in excess of the resting rate taken in during recovery. 

Net oxygen cost of exercise. Current income plus debt. 

Debt ratio. Ratio of debt to net oxygen cost, forming a negative index of 
oxygen transport efficiency. 

Maximum intake. Rate of current income at the end of exercise. 

Recovery half-time. Time in seconds required for instantaneous net oxygen 
rate during recovery to drop to half its maximum value, determined 
from a semi-log plot of net intake vs. time. 

RESULTS 

A statistical description of the data is given in table i. The ratios of the 
mean differences to the standard error of the differences {t ratio) appear in 
table 2. Since a f of 2.12 is required for statistical significance at the 5 per cent 
level of confidence, it is clear that none of the comparisons shows a difference 



466 


F. M. HENRY AND J. R FITZHENRY 


Volumt 2 


larger than can be accounted for by random sampling error. It should be 
mentioned that these tables are based on the results of 17 cases, since there was 
evidence of oxygen mask leakage in the A and C tests of one subject. The 
net oxygen income of this subject was greater and the debt less in the smoking 
test; hence the loss of this record does not bias the conclusions. 


Tabix I. Statistical description of oxygen cost of exercise (m stpd litees) 

AND DEBT INDICES 


TESI 


sTAnsnc 

1 I-A 

I 

n-c 

n-D 

Mean 

S.D. 

Mean 

S.D. 

Mean j 

S.I). 

Mean , 

S.D. 

Current O2 income 

Oi debt 

Oj cost of exercise 

Debt ratio (per cent) 

Max. intake rate (per min.) 

Recovery rate (J^ T-sec) 

4.67 

1-25 

5-93 

21.40 

1.03 

45-3 

•74 

.14 

.67 

3-23 

.11 

7*2 

1 

4.80 , 
1.32 
6.12 
22.17 

1-15 
47-5 1 

.67 

.26 

.62 

4.02 

.22 

II . 5 

4-56 

1.24 

5.80 

21.33 

I. os 

47.4 

•59 
.24 j 
.67 
3.32 

•13 

‘ 7.5 

4.85 

1.29 

6 . IS 

20.97 

1.17 

45.2 

■ 


Table 2. Mean difference in oxygen economy of exerose resulting from cigaretie 


SMOKING, and ratio / OF THE DIFFERENCE TO ITS STANDARD ERROR 


i 

STATISnC 

i 

1 

TESTS COMPARED 

First method 
B-A 

Second method 
B-[A + (V-C)] 

Third method 
B-D 

Difference / 

Difference / 

Difference 1 

Current O2 income 

O2 debt 

.13 .86 

.07 1.04 
.19 1.17 

•77 -97 

.12 I. 05 
2.2 .71 

— .16 1. 19 
.02 .26 

-.IS .91 

I. 13 1.46 

0 1.28 

4.4 1.42 

-.OS .37 
.03 -37 

-.02 1.44 

1.20 1.47 
-.02 .32 

2.3 1.03 

O2 cost of exercise 

Debt ratio (per cent) 

Max. intake rate (per min.) 

Recovery rate (J^ T-sec) 


A t ratio of 2.12 is required for statistical significance at the 5 percent level of confidence, a 
ratio of 2.92 is required for significance at the one per cent level. 


The tables given here are based on the measurements of the more expen- 
enced of the two technicians.^ Similar statistics have been computed with t e 
other set of measurements with the same results; comparison showed no 
statistically significant effect of the experimental factor. 

DISCUSSION 

While the exercise used was not maximal, most of the subjects coniplauied 
of fatigue at the end of exercises B and D. It was sufficient to pro uce 


1 The writers are indebted to Janice DeMoor for making these measurements. 
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oxygen debt of at least one liter in all cases and 1.5 liters in a third of the cases. 
The oxygen debt from a lighter work load, namely the stool-stepping exercise 
of Berg (i), has been shown to be reduced significantly by athletic training 
(10, p. 240). The factors responsible for the smaller oxygen debt in trained 
men presumably include improved local oxygen supply and utHixation in the 
working muscles even in the absence of maximal demand on the oxygen trans- 
port system. There may also be a faster initial adjustment to the work require- 
ment, made possible by the more adequate oxygen transport system resulting 
from conditioning. The known acute effects of smoking, namely peripheral 
vasoconstriction (suggesting poor utilization) together with the added small 
effect of 2 or 3 per cent loss in oxygen capacity due to carboxyhemoglobin, 
plus the general circulatory inefficiency imphed by the tachycardia of smoking, 
would all operate in the opposite direction to athletic training and thus give 
some expectation of a larger oxygen debt in moderate exercise as a result of 
smoking. 

It is of course quite possible that positive results might have been secured 
with a much more severe exercise, although this is unlikely since Juurop and 
Muido had negative findings with respect to oxygen income for work loads 
as high as 1800 kg. m. per minute. A considerably longer smoking period 
might have led to positive results. Insofar as the monoxide factor is concerned, 
there seems to be no reason to believe that the acute effects would be any 
different in habitual smokers and non-smokers. Chronic effects would pre- 
sumably be small because of acclimatization (ii, pp. 152-154). The acute 
cardio-vascular changes occur in habitual smokers, although there is an 
acquired tolerance to nicotine. 

In the present investigation, the effects of intra-individual and inter- 
individual differences in response were minimized by having each subject do 
all 4 parts of the experiment. The standard error of the difference averaged 
.14 liters in the case of current oxygen income and about half of this in the 
case of oxygen debt. As pointed out earlier, only .04 liters of this is due to 
error of measurement; hence, the chief sources of error are fluctuation in the 
response of individuals from one test to another and sampling error due to 
the fact that data from only 17 subjects were available. Even though these 
errors would be reduced by testing a larger number of subjects, detailed study 
of the results gives little basis for the opinion that this woifld lead to statistically 
significant differences. By using the second and third methods of control, the 
data do show a fairly consistent physiological picture of shghtly less efficient 
oxygen transport due to smoking, namely .05 to .16 liters less current oxygen 
income, .02 to .03 liters more oxygen debt, i.i to 1.2 per cent larger debt ratio 
and 2 to 4 seconds slower rate of debt pay-off. These differences, however, are 
quite small and definitely not significant. 

It is of interest to note that the average efficiency of the exercise, cal- 
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culated as the ratio of work done to the net total oxygen cost of the work 
assuming an RQ of unity, is 23.8 per cent (S.D. = 2.54). This is a fairly 
typical result for efficiency of bicycle riding. As might be expected, the average 
oxygen debt (17.0 cc./kg., S.D. = 3.1) is significantly larger than Berg’s 
figure of 1 1. 7 cc. per kilogram obtained with an exercise much lighter than 
that used in the present study. The time constant of recovery, 46.4 seconds 
half-time, is significantly slower than Berg’s half-time of 31.3 seconds. He 
observed that the half-time tended to be slower with severe work, although 
it was independent of rate of work in light exercise. 

SUMMARY 

With the use of a closed-circuit metabolism apparatus, the average net 
efficiency of a 5-minute cycling exercise at 614 kg.m. per minute was found 
to be 23.8 per cent. The oxygen debt, 17 cc. per kilogram body weight, was 
paid off with a half-time recovery rate of 46.4 seconds. The mean ratio of 
debt to net oxygen cost of the work was 0.215. Each of the men did the test 
exercise 2 times on each of 2 days. On one of the days the second exercise was 
preceded by the smoking of one or 2 cigarettes, a procedure which had no 
statistically significant effect on exercise metabolism in any of the measured 
aspects. 
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Postgastrectomy and Postvagotomy Syndrome'^ 
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H. NECHELES. From the Departments of Gaslro-Inteslinal Research 
and Metabolic and Endocrine Research, Medical Research Institute, 
, Michael Reese Hospital; and the Department of Surgery^, Provident 
Hospital, Chicago, Illinois 


T 

JLhe terms ‘dumping, postgastrectomy, postcibal or postprandial 
syndrome’ are synonjmis for a vaguely understood condition which follows 
subtotal gastrectomy in from 5 to. 40 per cent of patients. A similar condition 
was observed after vagotomy alone or in combination with gastroenterostomy 
by Dragstedt (i), Kirsner (2) and Paulson and Gladsden (3). Alvarez (4) 
has observed the sjmdrome in unoperated persons. Evensen (5), Schechter 
and Necheles (6) and Adlersberg and Hammerschlag (7) have reviewed the 
recent literature and have added their observations on normal subjects and 
on patients. 

The syndrome may be divided into two phases; the early phase immedi- 
ately after ingestion of food, and the late phase from to 3 hours after meals. 
The first phase is not related to changes in the blood sugar, but the second 
phase is always accompanied by hypoglycemia. Clinical symptoms of the 
first phase may appear as nausea, a feeling of fullness, belching, abdominal 
cramps and diarrhea. Generalized symptoms, such as weakness, dizziness, an 
unpleasant sensation of warmth throughout the body, cold sweat, headache 
and palpitations are common to both, the early and the late phase. It has been 
observed by Schwartz et al. (8) and by Schechter and Necheles (6) that in 
patients suffering from the syndrome, the first, second, or both phases of the 
S3mdrome can be reproduced by oral administration of sucrose or glucose. 
Fructose given by mouth would produce the first but not the second phase, 
with no imusual changes in blood glucose levels (6), thus lending doubt to the 
hyperglycemic theory of Glaessner et al. (9, 10). 

Reid (ii) believes that cerebral centers can be activated through olfactory 
and gustatory mechanisms, thereby decreasing the blood sugar through stimula- 
tion of insulin output. He states that, if during oral glucose-tolerance tests the 
animal was allowed to sniff or taste meat, blood glucose levels fell more rapidly, 
and that, if no glucose was given and the animal allowed to sniff meat, a 
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significant faU in blood sugar occurred. If these observations could be con 
firmed, their role in the production of the postprandial syndrome would have 
to be considered. 

We were unable to find in the Hterature controUed studies in animals 
on the postprandial syndrome. Therefore, we have attempted to duplicate the 
condition in the dog and to study the mechanisms involved imder more con- 
trolled conditions than is possible in man. 

EXPERIMENTAL 

Normal adult male and female mongrel dogs were given oral and in- 
travenous glucose- and fructose-tolerance tests, after which the following 
aseptic operative procedures were performed on lo dogs: i) Subtotal gastric 
resection of the Polya type, 3 dogs. On one of these dogs a supradiaphragmatic 
bilateral vagotomy was performed 2 months later, a) Subtotal gastric resec- 
tion of the Hofmeister type and an entero-enterostomy, 2| months later, one 
dog. 5) Gastrojejunostomy and enteroenterostomy, one dog. Pyloroplasty 
of the Heineke Mikulicz type in one dog, and of the Finney type in one dog. 
5) Bilateral supradiaphragmatic vagotomy in 3 dogs, with an additional 
gastrojejunostomy in 2 of them. After the a nim als had recovered from the 
operation, and were in good condition, tolerance tests were resumed from one 
to 12 days, in most experiments 6 days, postoperatively. The dog with sub- 
total gastrectomy of the Hofmeister type died with a perforated marginal 
ulcer one week following the operation (25% incidence, see 12). 

Glucose and fructose determinations were performed in duplicate by the 
Somogyi and the Corcoran and Page (13) methods, respectively. Blood sam- 
ples were taken after 24 hours’ fasting and after administration of the sugar, 
as indicated in the charts. The dose of glucose or fructose given was 1.75 gm/ 
kg. for oral, and one gm/kg. for intravenous tests, in 20 to 30 per cent solu- 
tions. Fructose was used because in previous work on man we have found 
that it was able to produce the first phase of the postprandial syndrome (6). 
Fructose leaves the blood rapidly, as was indicated by the values of blood 
fructose and blood glucose following its oral or intravenous administration. 

Gastric emptying times were determined by fluoroscopy at hourly in- 
tervals after feeding a standard barium meal (14). The effects of olfactory 
and gustatory stimulation on blood sugar were studied in one normal anima 
and in one dog with subtotal gastrectomy, following the procedure of Re^ 
(ii). Because of a possible influence of posture on gastric emptying, 2 ogs 
with subtotal gastrectomies were trained and held in the erect position unng 
pre- and postoperative glucose-tolerance tests, thus assuming the upng 

position of man. _ _ , 

In order to check the completeness of vagotomy, insulin tests wer 
on the vagotomized animals according to the Hollander procedure (iS> ^ 
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RESULTS 

Symptoms of the postprandial syndrome were observed in only one of 
10 dogs {dog j). In this animal preoperatively, i.v. glucose-tolerance tests 
yielded normal results, but the oral glucose-tolerance test showed a distinct 
tendency toward hj^joglycemia (fig. i). Thus, 90 minutes after oral adminis- 
tration of the glucose the blood sugar dropped to 40 mg. per cent. Likewise, 
following a Polya-type subtotal gastrectomy, blood sugars dropped to even 
lower levels (36 mg. %), and vomiting occurred 2 to 3 hours after feeding a 
mixed meal, at the time when hypoglycemia appeared in the oral glucose- 
tolerance test. Thus it seems, that in this animal, the second phase of the 



Oral glucose-tolerance tests: Curve i, Control, 1-20-49; Polya operation 1-21-49. Curve 2, 2-4-49 
Curve 2, 2-10-49. 

Fig. 2. Glucose tolerance tests in dog 2 before and after Polya-type subtotal gastrectomy 
and supradiaphragmatic vagotomy. Oral glucose tolerance tests: Curve I, Control, 9-28-48; Polya 
operation, 10-22-48. Curve If, 12-16-48; vagotomy, 12-20-48. Curve m, 12-28-48. Curve IV, 
1-4-49 


postprandial syndrome was present. Emptying time of a barium-food meal 
was 4 hours in this animal after the Polya operation. This is shorter than the 
5 to 6 hours’ empt}dng time in normal non-operated dogs, yet not fast enough 
to be called dumping. The initial empt3dng of the meal did not appear to be 
unusually fast. 

In none of the other 9 dogs did we observe symptoms referable to the 
postprandial syndrome, either of its first or of its second phase. Hypoglycemic 
values of blood sugars in the intravenous or oral glucose-tolerance tests were 
not observed in any of these animals, either before or after the various opera- 
tions. However, the oral glucose-tolerance curves were higher and more sus- 
tained in 3 out of 4 dogs following subtotal gastrectomy and even higher when 
transthoracic vagotomy had been added, as illustrated in figure 2. Similar 
results as shown in figure 2 were obtained in 2 out of 4 vagotomized dogs, 
lasting for 2 weeks following vagotomy. Of 2 other dogs with vagotomy plus 
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gastrojejunostomy, this condition was found to be present in one animal. In 
all vagotomized animals the insulin test was negative. 

The results of pre- and postoperative oral glucose-tolerance tests on 2 
dogs held in the erect position, one Polya and one Hofmeister type of sub- 
total gastric resection, were similar to the results of tests done in the normal 
horizontal position of the same animal, and to those shown in figure 2. 

The intravenous fructose-tolerance tests showed normal fructose curves 
before and after the various operations. However, the 5-minute ghicose values 
showed a sharp rise in each of the intravenous fructose-tolerance tests. In 
order to see whether this initial rise of blood glucose was specific for the fruc- 
tose, or whether it might be the effect of a hypertonic solution, the same 
volume of an equimolecular solution of sodium sulfate was administered i.v. 
Sodium sulfate gave a more sustained initial rise in the blood glucose, com- 
plicated however by a short period of shock, lasting 2 to 3 minutes. The effect 



Fig. 3. Blood glucose values in in- 
travenous fructose-tolerance tests and follow- 
ing intravenous sodium sulfate. Cum i, 
saline control, dog 3. Curve 2, preoperativc, 
dog 4, 8-10-48; Hofmeister-type subtotal 
gastrectomy, dog 4, 8-13-48. Curve 3, post- 
operative, dog 4, 10-12-48, Curve 4, pre- 
operative, sodium sulfate, dog 5. 


of i.v. injection of fluid was checked, and it was found that the same volume 
of normal saline solution administered intravenously, did not affect blood 
sugar levels (fig. 3), The initial rise of blood sugar following intravenous injec- 
tion of fructose was not prevented by vagotomy, nor by blocking the autonomic 
ganglia with tetraethylammonium chloride (Etamon). Thus, two possibe 
explanations for this phenomenon remain, release of epinephrine causing 
glycogenolysis, or direct release of glucose from the liver. 

In observations on 2 dogs, one normal and one with a Polya type su 
total gastrectomy, we could not duplicate the effects on fasting blood sugar 
levels or on the oral glucose-tolerance curve of sniffing and tasting, as 0 serv 

by Reid (ri). / a i, ursl 

Gastric emptying times in 2 Polya dogs averaged 5 hours (4 to ^ „g 

Strauss et al (17) and Barnes (18) have reported emptying times as snor 
15 minutes in patients with the dumping syndrome. Evensen (5) was un^ 
to correlate gastric emptying times and abnormal blood sugar eve s. 
of interest to point out here that rapid emptying of the stomac ca 
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duced by section of the left phrenic nerve in man (19) and in the dog (20), 
without evidence of the postprandial syndrome. In such dogs, the initial 
emptying of the barium meal was particularly rapid, truly deserving the name 
of dumping, yet no symptoms were noticed (20). 

Several dogs were reoperated and the stoma sizes were found to have 
attained a relatively uniform size, that is, the large stoma was smaller and 
the small stoma larger. 


DISCUSSION 

Custer ci al. (21) believe that the small stoma of the Hofmeister opera- 
tion reduces the incidence of the postprandial dumping syndrome, but Ingel- 
finger (22) has not been able to find a relationship between type of operation 
and incidence of the dumping syndrome. In our experiments, the early phase 
of the sjmdrome in which dumping can occur was not observed following any 
of the various operative procedures employed. Even in dogs (one after a 
Polya and one after a Hofmeister operation) held in the upright position during 
the oral glucose-tolerance test, neither dumping nor hypoglycemia was ap- 
parent. The late postprandial s3mdrome was observed in only one out of 10 
dogs. (See fig. i.) This animal had a Polya-type subtotal gastrectomy. No 
dumping of the barium meal was seen postoperatively. The significant differ- 
ence between this dog and the other 9 dogs seemed to be in temperament. 
Pavlov (23) has stressed the importance of the different temperaments of 
dogs on physiological responses. Generally, we selected gentle dogs, which 
were easily managed and trained. Dog i was selected because of its nervousness, 
high spirits and activity. It was noted that his oral glucose-tolerance curve 
before operation, unhke that of the other dogs, showed a hypoglycemic tend- 
ency. Thus, this animal may have been predisposed to the development of 
the sjmdrome. It has been noted (6) that patients who developed the post- 
prandial syndrome after subtotal gastrectomy are highstrung and tense, 
but preoperative data on oral glucose-tolerance tests in such patients are 
lacking. 

The intravenous glucose-tolerance tests performed before and after the 
various operations on the stomach, including vagotomy, yielded almost iden- 
tical normal curves, indicating that carbohydrate metabolism had not been 
changed by the various operations. Different results were obtained with 
the oral glucose-tolerance test. In one dog, it showed a distinct hypoglycemic 
response before and after subtotal gastrectomy. In the other 9 dogs, normal 
oral glucose-tolerance tests were obtained before operation. However, a greater 
and more prolonged response to the oral glucose-tolerance test was obtained 
in 7 animals following operations as varied as subtotal gastrectomy, vagotomy 
and pyloroplasty. When vagotomy was added to subtotal gastrectomy, the 
oral glucose-tolerance curves showed a further increase in one dog. The onset 
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and the duration of the greater and prolonged response to the oral glucose- 
tolerance test varied in different animals. The onset of a decreased tolerance 
to oral administration of glucose was observed between 6 and 31 days after 
the various operations, and tolerance was found to have returned to normal 
within 20 to 35 days after the various operations. 

Quigley ef al. (26) have found that vagotomy produced no change in 
glucose tolerance. However, their tests differed from ours, as they were per- 
formed one to 6 months after vagotomy, and all of them were made by the 
intravenous route. Thus we must consider acute factors of the operation, 
which may have produced a prolonged and elevated glyceraic response in our 
experiments. 

Since stimulation of the right vagus will reduce blood sugar levels (24), 
it may be that section of the vagus nerves will allow for a transient elevation 
of blood sugar levels until other regulations of blood sugar and insulin have 
taken over, which appeared to occur 20 to 35 days after the various operations 
(fig. r). It has been shown by Crider and Thomas (25) that a 50 per cent 
reduction in pancreatic enzymes follows vagotomy, and Hollander (16) states 
that the insulin test for vagal integrity is unreliable for the first 2 weeks follow- 
ing operation. 

The wide stoma produced in most subtotal resections permits rapid 
emptying of the glucose solution into the small intestine, and thus more 
rapid absorption and higher blood sugar levels can be expected. However, 
following vagotomy, gastric-emptying time is usually prolonged. It is not 


possible to explain both, increased blood sugar level and sustained increase 
of the blood sugar, by more rapid intestinal absorption. The normal intra- 
venous glucose-tolerance tests show that the various operations did not de- 
crease the ability to the animals to store or metabolize glucose. Therefore 
the diabetic-like blood sugar curves obtained within the first 3 to 5 weeks 
after the operations must be ascribed to an effect of the surgery on absorption 
of glucose in the gut, and to effects of the postoperative condition of the dog 
on the liver. It is generally believed that the normal dog can absorb within 3 
hours 1.75 gm/kg. of glucose administered orally. More rapid absorption 
could produce a higher blood sugar curve or a more sustained curve, but 
hardly both. Subtotal resection, gastroenterostomy and vagotomy are opera- 
tions which are usually followed by gastritis and jejunitis, and the sur^ca 
procedure by itself may affect physiological regulations. It is quite possi e, 
therefore, that the ‘shutoff regulation of the glucose supply to the blood from 
the liver, which is produced by high blood sugar levels, did not function we 
for the first few weeks after the operation. It is possible that the hyper on 
glucose solution given orally, sets up sympathetic reflexes from an 
stomach and jejunum, which led to an increased mobilization of liver gy 8 ■ 
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As the body adjusts regulations and as the acute irritation lessens, normal 
oral glucose-tolerance curv'^es may reappear. 

We have been unable to reproduce the results obtained by Reid (ii) 
on dogs in sniffing and tasting experiments. If the higher centers were as 
reactive as Reid contends to sniffing and tasting alone in lowering blood sugar, 
then one might expect dogs and possibly humans to develop the second phase 
of the dumping syndrome before the meal begins. 

SUMMARY 

We have attempted to reproduce the postprandial syndrome in the dog. 
Ten dogs were subjected to various types of gastric resection, gastroenteros- 
tomy, pyloroplasty and vagotomy. Only one of lo dogs studied pre- and post- 
operatively developed S3anptoms and signs of hypoglycemia and vomiting 
referable to the second phase of the postprandial syndrome. In 7 dogs, follow- 
ing operations as varied as subtotal gastrectomy, vagotomy, gastroenteros- 
tomy, and pyloroplasty, oral glucose-tolerance tests showed higher and more 
prolonged cmrves than preoperatively. WTien transthoracic vagotomy was 
added to subtotal gastrectomy, the oral glucose-tolerance curves showed a 
further increase in one dog. W^e were unable to confirm the reported effect of 
olfactory or gustatory stimulation on blood sugar. Intravenous injection of 
hypertonic fructose or sodium sulfate solution caused a distinct transient 
rise in the blood glucose. We have not observed in the dog in these experi- 
ments the dumping stomach, i.e. the early phase of the postprandial syndrome. 
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Significance of Changes in Extracellular Eluid 
Volume During Insulin Therapy 
for Mental Disease 
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Hospital, Waverley, Massachusetts, and the Department of Medicine, 
Harvard Medical School, Boston, Massachusetts 


D 

_L.\_APrD gjUN in weight is well known to occur in patients given insulin 
therapy for mental disease. In order to gain some insight into the mechanisms 
involved in this change, it was, tlierefore, considered of interest to study the 
relation between changes in weight and in extracellular fluid volume in patients 
so treated. 


SIATERIAL AND METHODS 

Nine patients, ranging in age from 22 to 55 years, were studied; 7 were 
men. The diagnoses varied Uable i, fig. i). Measurements of extracellular fluid 
volume were made mth the patients in the basal state using the thiocyanate 
method (i) acording to a procedure described previously (2). The treatment 
used was subcoma insulin therapy, given one to 3 times daily. 

OBSERVATIONS 

The extracellular fluid volumes before treatment were between 11.7 and 
19.5 1 ., or 20.2 and 28.4 per cent of the body weight (table i). During treat- 
ment the values rose to between 19.1 and 21.5 1. or 22.3 and 29.6 per cent of 
the body weight. Changes in extracellular fluid volmne were in the same 
direction as changes in weight but not strictly in proportion except in the 
initial period of treatment (fig. 2). In one patient, {Case 2, table i, fig. i) in 
whom clinical relapse and loss of weight began immediately after the end of 
the period of treatment, body weight and extracellular fluid volume both 
decreased, but rose again when treatment was resumed. 

DISCUSSION 

Previous work (2) indicated that the gain in weight observed during the 
course of electroshock therapy was largely due to retention of water; it was 
concluded that stimulation of the adrenal cortex during the treatments re- 
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sMed m tte elaboration of increased amounts of steroid hormones resemblint 
d so^cortrcosterone m action. In the present study on insulin them^? 

as been shown that the gam m weight likewise is associated with retention of 
water. Other work has shown that insulin therapy gives rise to changes indic- 
ative of adrenal cortical stimulation, such as lysis of blood eosinophiUc cells 
(3) and lymphocytes (4) (5). More pertinent in this connection is the fact 
that patients given insuhn therapy may exhibit a decrease in sodium concen- 
tration of the sweat (6), indicating an increase in the production of electrolyte- 
regulating steroid hormones. A valid conclusion, therefore, is that the water 

retention of insulin therapy is consistent 
with one effect of increased adrenal cor- 
tical activity. The considerably greater 
amount of water retained during insulin 
therapy as opposed to electroshock therapy 
(2) is possibly to be explained by the fact 
that patients given the former have 30 to 
go episodes of adrenal cortical stimulation 
during a month, whereas patients given 
electroshock have usually no more than a 
dozen in this interval. It is apparent, how- 
ever, that insulin and electroshock therapy 
have much in common in regard to their 
effects on adrenal cortical function. It is 
not to be concluded that all of the gain in 
weight observed in patients receiving insulin 
is the result of an increase in extracellular 
water; many data are available which show 
that ins ulin causes also the formation of 
additional protein (7). 

That retained extracellular water distributes itself in the body roughly 
in proportion to the coUogen content of tissues is well known. Accordingly, 
the two tissues, i.e. skin and limg, which have the largest relative coUogen 
contents, are the ones most likely to show the effects of water retention during 
the course of insulin therapy. Subcutaneous edema is common; the develop- 
ment of dyspnea or frank pulmonary edema is well known also and may 
require the use of ammonium chloride for its amelioration. As frequently 
occurs in other conditions in which salt and water retention occur, an mcrease 
in heart-size as measured roentgenographically has also been found in sc izo 
phrenic patients given insulin therapy (8, 9, 10). 



Fig. I. Gain in extracellular 
PLUID VOLUME during insulin therapy. 
Broken line indicates interruption of treat- 
ment in one case, with rapid relapse and 
loss of weight. 
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Table i 


CASE 

ACE 

SEX ' 

raCHT 

EXTRA- 

CELLtr- 

lAB 

IXUID 

RATIO 

DIAGNOSIS 

REUARRS 





liters 




I 

23 

hi 

73.0 

17.7 

24.2 

Schizophrenia 

Before treatment 




73-9 

20.2 

27.4 


After 12 days of treatment 




So.s 

21.3 

26.7 


After 29 days of treatment 




80.7 

21.2 

26.3 


After 49 days of treatment 

2 

21 

hi 

65-5 

13.1 

23.1 

Schizophrenia 

Before treatment 




68.0 

17. 1 

23.2 


After 18 days of treatment 




67.3 

16.2 

24.1 


After 9 days of no treatment 




73 -° 

J7.3 

24.0 


After 22 days of additional treat- 








ment 

3 

■ 

hi 

66.9 

ig.o 

28.4 

Schizophrenia 

Before treatment 




70.7 

20. 2 

28.6 


After 10 days of treatment 




75-6 

21.3 

28.0 


After 24 days of treatment 




76.6 

21.4 

27.9 


After 42 days of treatment 

4 

ss 

F 

60. 7 

13.3 

21.9 ] 

Psychoneurosis; re- 

Before treatment 




65.2 

13.1 

23.2 

active depression 

After 11 days of treatment 




66.4 

14. 8 

22.3 


After 37 days of treatment 

S 

27 

M 

52-7 

12,7 

24.1 

Schizophrenia 

Before treatment 




37.8 

16. I 

27.8 


After 16 days of treatment 




65.0 

16.2 

25.0 

1 

After 68 days of treatment 

6 

38 

hi 

84.6 

19.3 

23.0 

Alcoholic psychosis 

Before treatment 




86.2 

21.3 

24.8 


After 30 days of treatment 

7 

33 

F 

57.7 

12.7 

22.0 

Psychoneurosis; ob- 

Before treatment 




61. 8 

16.8 

27.2 

sessive-compul- 

After 36 days of treatment 







sive 


8 

2 S 

hi 

37.8 

11.7 

20.2 

Schizophrenia 

Before treatment 

• 



62.3 

17-3 

28.1 


After 31 days of treatment 

9 

28 

M 

60.5 

14.6 

24.2 

Psychoneurosis; ob- 

Before treatment 




63.6 

18.8 

29.6 

sessive-compul- 

After 21 days of treatment 







sive 



Kg. 2. Relation between increase in extra- 
cellular fluid volume and gain in weight during insulin 
therapy. 
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SUMMARY AND CONCLUSIONS 

Changes in extracellular fluid voliune during the course of insulin have 
been studied by means of the thiocyanate method in 9 patients. Early gain 
in weight is associated with corresponding increases in extracellular fluid 
content but subsequent gains in weight are not. The changes found are prob- 
ably a result of increased production of some adrenal cortical hormones. 
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Metabolic Efficiency of Exercise in Relation to 
Work Load at Constant Speed^ 

F. M. HENRY and JAISflCE DeMOOR. From the Division of 
Medical Physics (Department of Physics) and the Department of Phy- 
sical Education, University of California, Berkeley, California 


s 

L>^hortly after the turn of the century, following the development of 
the bicycle ergometer and the methodology of indirect calorimetry, there was 
evidenced an interest in the efficiency of the working human body as a machine. 
Efficiency has usually been defined as the ratio of external work accomplished 
to the metabolic cost of that work over and above the resting metabolism. 
Four problems that have received continuing attention have been: a) the actual 
efficiency as such, b) the relation between diet and efficiency, c) the influence of 
speed of movement on efficiency, and d) the influence of magnitude of work 
load on efficiency. Even though the last-named problem has a relatively long 
history of investigation, it is stiU unsettled. 

Benedict and Carpenter (i) in 1909 varied the work load on a magnetic 
brake bicycle ergometer, but unfortunately did not standardize the rate of 
movement very well. In the one subject whose work load ranged from 43 to 
800 kg.m/min., efficiency did not change appreciably from the mean value of 
21 per cent. Four years later, Benedict and Cathcart varied the work load from 
185 to 1000 kg.m/min. with the rate of movement standardized at particular 
speeds in the range of 60 to 128 pedal rpm. While 5 subjects were used in the 
study, most of the work was done on one man, a professional cyclist. In many 
of the experiments his efficiency increased at the higher work loads; for example, 
at 72 rpm it went up from 26.0 per cent to 28.7 per cent. Some of the experi- 
ments showed a decrease, as for example, from 25.1 per cent to 23.2 per cent 
at 104 rpm, a'.-d from 26.0 per cent to 22.4 per cent at 108 rpm (2). These in- 
vestigators were of the opinion that on the whole, efficiency tended to increase 
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with greater work loads because the energy required to maintam the position 

of the body on the bicycle became a smaller fraction of the energy cost of Hit 
work at the higher loads. ^ 


In a subsequent article published in 1922 (3) Cathcart contended that 
elhciency reaches an optimum at about 150 kg.m/mm. and then falls off at 
heavier work loads because of the larger static component. Campbell, Douglas 
and Hobson (4) in 1920 tested two subjects at 50 pedal rpm and observed that 
they were less efficient at 1056 kg.m/min. than at 704 kg.m/min. The change, 
however, was small ^from 24.8 per cent to 24.1 per cent in mean percentage! 
In 1923, Duffield and McDonald (5) reported that changing the work load 
from 170 to goo kg.m/min. did not appreciably alter the efficiency of their one 
subject at 40 rpm, 63 rpm, or 85 rpm. No evidence for an optimum load was 
found. 


Experiments reported by Hansen (6) in 1927 on a single subject showed 
higher efficiency with greater work loads. A typical change was that observed 
59 pedal rpm — from 16.8 per cent at 220 kg.m/min. to 19. t per cent at 438 
kg.m/min. to 21.0 per cent at 1100 kg.m/min. Similar results were secured at 
other speeds ranging from 38 to 102 rpm, Dickinson (7) two years later con- 
cluded that efficiency was not appreciably affected by work load. Her experi- 
ment was limited to observations on a single subject who worked at the rate 
of 33 pedal rpm. The efficiency was 22.0 per cent at 61 kg.m/min. and some- 
what lower, i.e, 20.6 per cent, at 384 kg.m/min. At intermediate work loads 
there were no consistent changes. Recently Winslow and Herrington (8) have 
presented data on two subjects working at 38 rpm. Efficiency decreased with 
increasing load, ranging from 34 per cent at 140 kg.m/min. to 24 per cent at 
490 kg.m/min. 

Most of these investigators have studied one or at most very few indi- 
viduals, and have depended on a presmned ‘steady state’ condition in contrast 
to determination of the total oxygen cost of the work. 


METHOD AND PROCEDURE 


Nine experienced cyclists exercised on a bicycle ergometer at approxi- 
mately 690 kg.m/min. On a subsequent day, at a corresponding hour, they 
exercised at approximately 920 kg.m/min. In both cases the rate of movement 
was 61 pedal rpm. The ergometer was of the eddy current type, calibrate y 
substituting a pulley for the pedals and driving the instrument by means 0 
falling weights. A redesigned seat equipped with a back rest aide m secunn 


relaxation and comfort during rest. 

Oxygen consumption was determined with a closed circui c “ 
metabolism apparatus that had been modified to reduce an 
sages were increased to 7/8 inch cross section, including 
installed close to the face mask. Recording of oxygen consu p 
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tinuous during 8 to 10 minutes pre-exercise rest, the 6 minutes of exercise, and 
35 minutes of recovery. Recovery recordswere measured in detail — at is-second 
intervals during the first minute, 30-second intervals to the 3rd minute, one- 
minute intervals to the 8th minute, and 2-minute intervals thereafter — to 
permit the study of recovery curves. 

EXPERIMENTAL RESULTS 

It was found that the recovery data could be fitted with an equation of the 
form 

'-kit , ~-k2t 

y = e +026 



Fig. I. Two-component exponential recovery curves. Upper curve; work at 920 kg.m/min. 
Lower curve: work at 690 kg.m/min. 

where y is the rate of oxygen consumption at time t (in excess of the resting 
rate established near the end of the recovery period), and ai ai — aa (the 
rate of oxygen consumption at the end of exercise). The term presumably 
represents the alactic component of the recovery curve, the amount of alactic 
debt being equal to aifki. The term is the so-called lactic component. 

Thus the total oxygen debt Q is equal to Uj/ki -f a2/k2. 

As may be seen in figure i, the average recovery data from both the 690 
and 920 kg.m/min. exercises show a satisfactory fit with the formula using the 
same velocity constants for both sets of data. This is confirmed by the fact 
that when the recovery curves are fitted to the data of each individual, there is 
no statisticaUy-significant difference between the velocity constants of the 
easier and harder exercises. 

Various other aspects of the individual recovery curves for the two exer- 
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rises have been compared statistically; the results are summarised in table i 
Perhaps the most salient difference is the large increase in 'lactate’ componeni 
of the debt in the case of the more severe exercise. The ‘alactic’ component 
has also increased to a statistically significant degree, but the lactic component 
increase is, on the average, more than twice as large as the alactic. Comparison 
of the individual ratios of lactic component to total debt yields a / ratio of 3.1 
between the two exercises, which is a statistically significant difference. 

The efficiency, defined as the ratio of external work accomplished to the 
net metabolic cost of the work, decreases from .212 for the lighter work to 
.193 for the heavier work. While this represents a reduction of only 9 per cent, 


Table i. Statistical suiniARY of metabolic recovery corves from two levels 

OF EXERCISE 


WORK RATE STATISTIC 

MEAN 


mean 

tr 

PER CENT 
INCREASE 

( IMIO 


690 kg.m/min. 

020 kg.m/min. 



fli 

r.082 

•151 

I -565 

• 2 S 9 

44.6 


h 

I.OS 9 

.123 

1. 107 

•23s 

•s 

Wtm 

‘alactic’ debt 

1.03 

•17 

1-43 

.12 

38.8 


(h 

.181 

.068 

.402 

.123 

122.0 

11.5 

kt 

.125 

.025 

.144 

.019 

iS -3 

1.2^ 

‘lactic’ debt 

1.56 

•71 

2.82 

.76 

80.8 

S.i 

oo 

1.263 

.123 

1.967 

.244 

SS-8 


Total O2 debt 

2.52 

.58 

4-45 

.85 

76.8 



Oxygen measures are in STPD liters. The ( ratios were computed from the distributions of 
differences. 

1 Indicated / ratios are not statistically significant. All others are highly significant. 


it is a highly significant decrease since the t ratio is 5.4. It should be noted that 
any practice effect would have acted to reduce this difference. 

DISCUSSION 

If it can be assumed that the lactic debt mechanism is less efficient than 
the alactic mechanism, the relatively greater increase in lactic debt at the 
heavier work load would account for the reduced efficiency. It is doubtful if 
strained posture and increased general muscular tension can be justified as an 
explanation. The difference between the total oxygen cost of the heavier wort 
at the observed efficiency of 19.3 per cent and the calculated oxygen cost or 
the 21.2 per cent efficiency found with the lighter work amounts to 1.2 liters, 
or .2 liters/min. Sitting on the bicycle with arms tense against the 
and legs sufficiently tense against the pedals to cause pressure against the ba 
of the seat was observed to increase oxygen consumption only .01 to .02 1 
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min. It is of course possible that coordination is poorer with the heavier load, 
although the writers’ subjective impression from doing the two exercises is 
that this was a minor factor. 

The present experiment shows that the proportion of slow component or 
lactic debt to total oxygen debt increases with increased severity of exercise, 
even though the amount of alactic debt — 1.2 to 1.6 liters — is well under the 
maximum limit for alactic debt. (The actual limit is uncertain since the extent 
of individual differences has not been investigated. Margaria and Edwards 
(9) consider the limit to be 3 or 4 liters.) With fully half the total debt being of 
this slow component type at 690 kg.m/min. and tWO-thirds at 920 kg.m/min., 
it seems likely that the lactic debt plays a rather important role in recovery 
from even relatively moderate exercise. Possibly there are individual differ- 
ences, quantitatively, since the proportion ranges from 37 to 76 per cent with 
the ligher exercise and 60 to 79 per cent with the niore severe exercise. 

There are data in the literature that are in agreement with this finding 
when analy zied by the method employed in the present study . Two of the Mar- 
garia, Edwards and Dill (10) protocols, mmlcrs i and 2, involve a rate of work 
of the order of Soo to 1000 kg.m/min., and these data show 70 to 75 per cent 
lactic debt component. Some of the data from table i from Hill, Long, and 
Lupton (ir) represent work loads of the order 1200 to 1400 kg.m/min., and 
show 40 to 45 per cent lactic component in the total debt. With more severe 
work, the proportion rises to 60 to 70 per cent. It should be noted that in each 
of these studies the results are from only a single subject, and the work was 
running rather than cycling. Berg (12), using a stool-stepping exercise, re- 
ported no lactic component in his recovery curves. His exercise, however, 
was very light — about 340 kg.m/min. — and recovery was followed for only 6 
or 8 minutes. The data from his figure i, when reanalyzed using the minimum 
oxygen consumption rate near the end of recovery as a resting base, do show a 
suggestion of slow component. 

The alactic velocity constants for the recovery curves of the present study 
appear to be within the range reported by the other investigators cited above, 
or calculated from their data. For the fast or alactic component, the obtained 
mean ki’s of 1.06, a = .12 and i.ii, a = .24, are well within Berg’s figure of 
i-33> O' = •31. The ^I’s from Hill’s subject range from i.io to 1.73 and from 
Margaria’s subject, from 1.04 to 1.66. According to Berg, the alactic velocity 
constant is independent of work load within fairly wide limits, as is indicated 
by these results. 

In the case of the slow or lactic debt velocity components, there is some 
question as to whether the current results are comparable to those reported by 
other investigators. To determine precisely the absolute magnitude of these 
. constants it is necessary to follow recovery for a period of one to two hours 
, (11). Obviously the subjects must remain very relaxed and quiet since slight 
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variations in metabolic rate are important because the curves are near their 
asymptotes. It was not possible to observe these requirements in the present 
study. Even with the 35-minute recovery period that was used, most of the 
subjects were becoming restless near the end of the experiment and their oxv 
gen consumption tended to rise. This would have the effect of shortening the 
apparent recovery time, thus increasing the magnitude of the kn constants and 
resulting in an apparent lactic debt that is smaller than the true value. There 
is also the possibility that breathing the oxygen-enriched air of the closed cir- 
cuit system effected the recovery constants. 

We have employed the terms ‘alactic’ and ‘lactic’ debt as convenient 
descriptive terms for the fast-component and slow-component metabolic re- 
covery systems, but it should be kept in mind that oxygen debt recovery 
curves, while possibly reflecting the fundamental biochemical mechanisms, 
are at best only indirect measures and may in fact be considerably influenced 
by other factors of the physiological recovery process. 


SUMMARY AND CONCLUSIONS 


Nine subjects exercised on a bicycle ergometer at a constant speed of 61 
pedal rpm for six minutes at two work loads — 690 and 920 kg.m/min. Oxygen 
consumption during exercise and recovery was measured with a closed circuit 
apparatus. The mean net efficiency at the heavier load, 19.3 per cent, was sig- 
nificantly less than the 21.2 per cent efficiency found with the lighter exercise. 

The metabolic recovery data were fitted with a two-component curve 
system of the form y = Oi Both components increased in magni- 

tude with the heavier work, but the change in the slow-recovery or lactic debt 
phase was relatively much greater, even though the amount of fast-recovery or 
alactic debt was well below the limit magnitude. The oxygen equivalent of 
the reduced efficiency, a matter of some .20 1/min., was too large to be ascribed 
to factors such as greater postural tension with the heavier work. Lower meta- 
bolic efficiency of the lactic debt mechanism, as compared with the alactic 
mechanism, was suggested as an explanation of the lowered efficiency.^ 

Alactic velocity constants were not significantly changed by the increased 
work load and were within the range of magnitude reported by others or calcu- 
lated from their data. The lactic velocity constants were also independent 0 
work load, but were larger than found in experiments by others because t e 
recovery period was only followed for 35 minutes, resulting m an under- 
estimate of the true lactic debt. 
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Influence of Age, Sex, Physique and Muscular 
Development on Physical Fitness 


H. COLUMBINE, S. W. BIBILE, T. W. WIKRAMANAVAKE 
AND R. S. WATSON. From the Deportment oj Physiology and Phar- 
macology, University of Ceylon, Colombo, Ceylon 


G 

ALLAGHER AND BROijHA (i) have pointed out that physical fitness 
has at least three main aspects: d) static fitness, which embraces an organ- 
ically sound, well developed and well nourished body; h) functional fitness, 
which embraces the ability to do strenuous work; and c) specialized fit- 
ness, which embraces the ability of a subject to perform specific skilled 
tasks. Each of these three aspects also has several subdivisions, Thus, func- 
tional fitness includes the ability to perform moderate work (where a ‘steady 
state’ in respiratory and cardiovascular response is attained), the ability to per- 
form severe muscular effort (involving the acquisition of a rapidly increasing 
oxygen debt), the ability to move with speed, muscular strength and, possibly, 
the ability to perform for prolonged periods moderate exercise to fatigue. 
We have studied these various subdivisions of functional fitness using some 
7,000 Ceylonese subjects and the influence of age, sex, physique and muscular 
development on performance ability has been assessed. 

METHODS 

About 7,000 Ceylonese subjects from the age of lo years upwards and 
of both sexes have been examined. The majority of subjects were school 
pupils (lo to 20 years inclusive), but the adults included workers on tea, 
rubber and cocoanut estates, Colombo harbor laborers, policemen, plumbago 
miners, university students, government clerks. Agricultural Corps personnel 
and peasant cultivators. Thus the major occupation groups in Ceylon were 
represented in the survey. The schools were chosen, after consultation with 
the Education Officers for each Province, as being typical of the social and 
economic status of each area. For adult subjects, the cooperation of estate 
superintendents and other labor overseers tended to determine our choice. 
At each place of investigation, subjects were picked by drawing names at 
random, a pre-determined number being chosen for each age group an se 
Our total group represented, numerically, about one-thousandth of t e o a 
population of Ceylon and this proportion was maintained for each province, 

occupation and economic level. 
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The functional tests performed by each subject included : a) The Harvard 
Step Test (2), a moderate exercise test, in which a ‘steady state’ is reached 
(3). A 20-inch step was used, and 30 ‘step up step down’ cycles per minute 
were performed for 5 minutes, b) The Endurance Step Test (4), a severe exer- 
cise test, in which a rapidly increasing oxygen debt is acquired and fatigue 
quickly ensues. Again a 20-inch step was used but, here, 45 step up and step 
down cycles per minute were performed imtil the pace could no longer be 
maintained. We have shown that this test distinguishes the fit from the unfit, 
gives repeatable assessments in the case of subjects not undergoing specialized 
training, and, for trained athletes, it can differentiate between those special- 
izing in long-distance events and those specializing in running shorter dis- 
tances. c) The Exhaustion Step Test which was performed by only 1,000 male 
subjects. It consisted of the Harvard Step Test performed by each subject 
for as long as possible, d) Strength measurements involved the assessment of the 
abihty of subjects to lift a graded series of weights a definite height (20 inches) 
from the groimd. Strength has been expressed directly as the value of the 
weights lifted. A second strength test has involved the measurement, by a 
dynamometer, of the grip of the right hand of each subject. These strength 
tests will note increases produced by training (5). e) Speed of movement was 
simply assessed by the time required to run, competitively, 100 yards. 

Motivation is, of course, very important in all performance tests, and 
especially tests involving effort to exhaustion. For this reason, subjects usually 
performed our endurance step test to the vocal support of their colleagues, 
while the exhaustion step test was made a competition between rival schools. 
Similarly, all our measurements of speed were made during competitive 
running. 

Pulse rate (in many cases heart rate by auscultation over the chest) 
and brachial blood pressure recordings were made by two observers before 
and after each step test. Indices were calculated from the formula (6) : Pulse 
index = 100 X duration in seconds/2 X sum of pulse beats at i-i|, 2-2I 
and 3-3I minutes after exercise. Systolic blood pressure indices were obtained 
from: B.P. index = 100 X duration in seconds/sum of systolic B.P. readings 
at I, 2 and 3 minutes after exercise. It has been shown that indices based 
upon the rate of recovery of the post-exercise systolic pressure can distinguish 
between trained and untrained for exercise fitness and that they also give 
repeatable assessments (4). 

Taylor (7) has shown that the time run was more reliable than any of 
the physiological measures for assessing performance for maximal exhausting 
work. Therefore, additional assessments, based only upon the time in seconds 
of performance to fatigue, have been made for the endurance step test and 
the exhaustion step test. 

Therefore, the following performance indices have been obtained for each 
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subject; «) moderate exercise (Harvard Step Test)-fitness index (pulse) 
and fitness index (B.P.); b) severe exercise (Endurance Step Test)-endurance 
index (pulse), endurance index (B.P.) and endurance index (time)- c) nro 
longed moderate exercise to fatigue (Exhaustion Step Test)^xhaustion index 
(pulse), exhaustion index (B.P.) and exhaustion index (time). These fitness 
indices have each been summed, at each age and for each sex, and the mean 
index and the standard error of the mean have been calculated. 


Measurements of height, weight and of the maximum circumferences 
of the arm, forearm, thigh and calf in extension were also made. These latter 
circumferences have been corrected for the thickness of the skin and the 
subcutaneous tissues (measured with calipers) so as to obtain an assessment 
of muscle size. An estimate of the muscular development has also been ob- 
tained by dividing these corrected circumferences by the subject’s height (8). 

The Ceylonese are much smaller and lighter than occidental subjects, 
the mean measurements at typical ages being given in Appendix A. Definite 
pubertal changes would seem to occur in Ceylonese boys between about 13 
years and 9 months and 16 years. Menarche in Ceylonese girls occurs between 
about 13 and isl years. 

Estimations of vital capacity and measurements of various anthro- 
pometric characters, circumferences and lengths were also made. The bearing 
of these factors on physical fitness has been discussed elsewhere (5, 9), 

From the physical measurements, the subjects have been classified into 
various physique groups or body types. In this connection we have also used 
the weight-height grid of Wetzel (10). Our classification has been into the 
following groups: obese (corresponding to Wetzel’s channels A4 and As); 
stocky (Wetzel’s Aa and A3) ; normal (Wetzel’s Ai, Mi and As) ; slim (Wetzel’s 
■ and B3); and undernourished (Wetzel’s channel B4). 

The mode of the temperature readings during our experiments was 82.4°?. 
nd the mode of the relative humidity was 76.3 per cent. 


RESULTS 

Moderate Exercise {Harvard Step Test) 

Fitness Index {Pulse), a) Age. From table i, it will be seen that, for males, 
the fitness index does not vary significantly during the pre-adolescent years 
but there is a sudden decline at the age of 14. (This mean index at 13 years is 
significantly greater than that at 14 years; P <o.ooi.) During the ma e 
adolescent years of 14 to 16 the fitness index remains constant but less 
the index for the immediate pre-adolescent years. At the age of 17 years 
index declines again (the mean index at 17 years is significantly less than 
„ean index at z 4 years; P <o.onx). This is Mowed bP ^ ns in fc 

value of the fitness index to a maximum m manhood 
to 25 years. Thus, the fitness index tor males at 19 years is sign y g 
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than that at 17 years (P <0.02) wliile the mean fitness index for the age 
group 21 to 25 years is significant!}'’ greater than the mean index at 19 years 
(P <o.oi). 

In the case of females the variation of the fitness index •with age, while 
giving an overall picture similar to that found in males, differs in detail. 
There is an apparent, but not significant, decrease in the mean fitness index 
between the ages of 10 and 12 years. With the onset of adolescence, at the 
ages of 13 and 14 years, this decline becomes accelerated and significant. 
Thus the mean index at 13 years is less than that at 10 years (P = o.oi) and 
the mean index at 14 years is less than that at 13 years (P = o.oi). Just as for 
males, so for females, the mean fitness index between the ages of 14 to 16 


Table i. Variation of the mean fitness index (pulse) with age and se.x 


MALE 

ACE, Y8. 

FEMALE 

S E. o! M. ± 

No. of Subjects 

Mean Index 


Mean Index 

No. of Subjects 

S.E. of M. ± 

1.06 

287 

87.8 

10 

80.4 

160 

0.88 

1.08 

298 

86.6 

II 

79.8 

162 

0.89 

0.92 

322 

87.0 

12 

78.3 

183 

I. II 

0.84 

340 

87.4 

13 

77-2 

160 

0.84 

0.87 

34 S 

81.4 

14 

74-3 

186 

0.80 

1.18 

260 

79-3 

IS 

72 -S 

ISO 

1.32 

1. 10 

277 

79-8 

16 

71.9 

I 4 S 

I . 21 

1.00 

242 

76.0 

17 

76.0 

82 

0.92 

0.97 

2 S 7 

78.2 

18 

67.8 

81 

2 . 4 S 

1.22 

161 

79.8 

19 

76.6 

40 

2.74 

1.08 

140 

82.7 

20 

75-0 

29 

2.30 

0.91 

406 

84.4 

21 - 2 S 

77.0 

SS 

3.18 

1. 61 

239 

80.2 

26-30 

76.9 

3 S 

S-Go 

1-73 

119 

81.6 

3 I- 3 S 

88.0 

20 

3-84 

2.65 

77 

78.1 

36-40 





years does not vary significantly but, in contradistinction to the males, the 
mean fitness index for females at 17 years is greater than that at 16 years 
(P = o.oi) and that at 18 years is less than the mean index at 17 years (P 
= 0.001). 

This decline at the age of 18 years is then followed by a steady increase 
in the value of the mean fitness index with increasing age to reach a Tnaximum 
between the ages of 31 to 35 years. The munbers of subjects in our higher age 
groups for females are rather small and the variance within each group is 
large so that we do not stress the changes at these higher ages. 

i) Sex. A study of table i indicates that male subjects have at most ages 
a significantly higher exercise fitness index (pulse) than have female subjects. 
Thus at the age of 10 years, the mean index for males is much higher than 
that for females (P < 0.001). This difference is maintained until the age of 
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17 years when the mean value for males suddenly decreases and that for 
females suddenly increases so that the mean fitness index for the two sexes 
at this age is the same. After the age of 17 years, the mean index for females 
IS, in general, less than that for males. For example, although the difference 
between the mean indices for the two sexes at 19 years is not significant 
females have a lower mean index at 18 years (P <o.ooi), at 20 years (? 
<0.001) and for the age group 21 to 25 years (P = 0.02). At higher ages the 
sexes apparently do not differ significantly but the female groups are small 
in number. 

c) Physique. We have seen that for males the mean exercise fitness index 
(pulse) does not vary significantly during the adolescent years of 14 to 16 
the mean fitness index being more or less constant although less than the 
mean value in the pre-adolescent years. After the age of 16 years the mean 
index fluctuates for a year or two and then increases steadily to a maximum 
between the ages of 21 to 25 years. In comparing body types we have, there- 
fore, taken the mean values of the fitness index for each body type for the 
pre-adolescent years (10 to 13 years inclusive), the adolescent years (14 to 
16 years) and the optimum age group during manhood (21 to 25 years). This 
device, by increasing the number of subjects in each group would, we hoped, 
increase the significance of our results. It was not thought advisable to ignore 
the influence of age in comparing body types since the distribution, within 
each body type, of subjects between ages was not in the same proportion. 
An analysis of variance would be the ideal statistical method of evaluating the 
influence of age, body type, sex etc., but our data, being by no means homo- 
geneous, did not lend themselves readily to this method. 

A comparison of the mean fitness indices during the pre-adolescent, ado- 
lescent and adult (21 to 25 years) age groups, revealed only small differ- 
ences between the various physique types (see table 2). 

In the pre-adolescent and adult age groups, male or female, the mean 
fitness indices for each type of physique did not differ significantly. In the 
adolescent age group, the stocky had a lower mean index than the slim {P 
<0.05) and the undernourished {P = 0.05) but the number of subjects in 
the stocky group was small. 

On the whole physique does not appear to play an important role m 
determining a person’s ability to perform moderate exercise. 

d) Muscular development. The step test is an exercise involving t e 
muscles of the lower limb. We have, therefore, measured the size of the eg 
muscles of our subjects in an effort to detect any correlation between muscu a 
development and step test performance. Leg muscle developmen as 
calculated for each subject from the foUowing equation: 

Leg muscle development = maximum circumference of thig + 
mum cLumference of calf X ico/height, AU measurements were made.. 
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centimeters and allowances have been made for the thickness of the skin and 
subcutaneous tissues. 

The actual circumference of the calf or the thigh steadily increased in our 
subjects from the age of lo to the onset of manhood or womanhood; the fitness 
index does not increase steadily with age. The leg muscle development figures 
do not vary significantly from the age of lo years to about 35 years (ii). 

We have calculated the coefl&cients of correlation (r) between thigh 
muscle size and fitness index pulse and between leg muscle development and 
fitness index pulse for 500 subjects chosen at random from our data. For 
thigh muscle size and fitness index r = “0.7353 muscle develop- 


Table 2. Variation or mean fitness index with physique in various age groups 


PHYSIQUE 

ACE 

CROUP, 

YR, 

KO. OP 
SUE JEOPS 

MEAK 

PITNESS 

IN'DEX 

S.E. OP 
M. dz 

AGE 

GROUP, 

YR. 

NO. OP 
SUBJECTS 

UEAK 

PITNESS 

INDEX 

S.E. OF 
U. dz 



JfaU 



Female 


Obese 

10-13 

8 

29-5 

2.00 

10-13 

6 

69.0 

3.60 


14-16 

9 

83.4 

3-04 

14-16 

^3 

68.1 

4.10 


21-25 

S 

80.3 

13.48 





Stocky 

10-13 

24 

85.2 

2.23 

10-13 

20 


4.21 


14-16 

17 

76.0 

2 . II 

14-16 

49 


2-35 


21-25 

24 

84.0 

4. II 



nn 


Normal 

10-13 

239 

88.0 

0.77 

10-12 

205 

77-9 



14-16 

217 

79 - S 

1.08 

14-16 

214 

74.2 



21-25 


83-4 

1. 41 





Slim 

10-13 

S33 

88.0 

0.5s 

10-12 

239 

80.9 



14-16 

378 

81.4 

1.02 

14-16 

93 

73.4 

^999 


2I-3S 

81 

84.3 

1-43 




HU 

Under nourished 

10-13 

ISO 

87.0 

m 

10-13 

44 

■H 

2-53 


14-16 

108 

81. 1 

H 

14-16 

13 


2. S3 


ment and fitness index r = —0.8668. These coefficients are highly significant 
and suggest that the less the muscular development of the individual the 
greater is his fitness index pulse. 

Fitness Index {Blood Pressure), a) Age. Figure i shows the relationship 
between fitness index (blood pressure) and age for each sex. The relationship 
is markedly different from that obtained for the pulse index. Except around 
the ages of 19 and 20 years the blood pressure index falls steadily throughout 
life so that the mean index for males in their fifties is less than half that for 
males at the age of 10 and, for females, the mean index after 40 years is only 
about one-third that foimd at 10 years. In the case of male subjects, the mean 
blood pressure index does not vary significantly between the ages of 10 and 
12 years; from then onward there is a steady fall. The mean index at 13 is 
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less than that at lo years (P that at 14 is less than that at 13 years 

r e f t°i'i ■ " (P <o-OM) Tta 

rate of faU seems to be accelerated at 14 years and then to slow somei, 
between r6 and 20 years. 

For female subjects the mean blood pressure index at ii years is less 
than the index at lo years (P <o.oor), that at 13 years is less than that at 

12 years (P <0.001) and so on. Again the rate of faU slows between the a.« 
of 16 and 20 years. ^ 

^ b) Sex. Just as for the fitness index (pulse) so, here, we find the female 
subjects at most ages giving a lower mean index than the male subjects. 



The index for females is less than that for males at ii years (F = o.oi), at 
13 years (P = o.ooi), at 14 years (P — 0.001), at 15 years (P = o.oi), at 
21 to 25 years (P = 0.001) and at 41 to 50 years (P = 0.001). Between the 
ages of 16 and 20 years the index for females does not differ significantly from 
the mean index for males. 

Apparently, a man’s capacity for lowering his blood pressure after mo cr^ 
ate exercise decreases more rapidly with age than does the capacity for slowino 
his post-exercise heart rate. 


Severe Exercise {Endurance Step Test) 

Endurance Index {Fuhe). a) Age. The mean endurance index (pete) 
for each age and sex has been calculated. Table 3 details these mean md.ces 

and their standard errors. 
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There is a steady decline in the value of the mean endurance index (pulse) 
of females with increasing age, except for the age of 20 years. Even the rise 
seen at 20 years does not have a statistical significance. The onset of adoles- 
cence at the age of 14 years appears to accelerate the decrease in endurance 
index. For example, the decline between the ages of 10 and 13 years is not 
significant, but the mean index at 14 years is much less than that at 10 years 
(P = 0.001), that at 15 years is less than the index at 13 years (P = 0.001), 
and the mean index at 16 years is still lower (P = 0.001; cf. 13 years). The 
number of subjects in the age groups after 18 years is too small to warrant 
detailed analysis though the general trend in the value of the endurance 
index is stiU downward. Males show a rather similar relationship between 


Tabie 3. Variation op the mean endurance index (pulse) with age and sex 



ACE, Y®. 

TEICALE 

S.E. of M. ± 

No. of Subjects 

Mean Index 


Mean Index 



0.67 

26s 

29. 2 

10 

26.4 

134 

0.70 

0-73 

296 

28.2 

11 

2S-S 

160 

1. 00 

0-39 

378 

27.9 

12 

25.6 

184 

1.20 

o.6g 

34S 

27.9 

13 

24-5 

160 

0-9S 

0.66 

383 

2 S-I 

14 

22.3 

180 

0.82 

0-S7 

279 

22.8 

IS 

22. 1 

149 

0.69 

0-4S 

287 

22.7 

16 

21.3 

150 

0.72 

0.61 

230 

23.3 

17 

21.0 

24 

1.40 

0.S4 

262 

23.8 

18 

19-5 

105 

1. 13 

0.77 

162 

24-5 

19 

19.6 

41 

1.28 

2.14 

143 

27.7 

20 

21.0 


2.21 

0.68 

413 

25 - I 

21-25 

17.2 


1. 14 

0.89 

24 S 

22.3 

26-30 

12.9 


2 . II 

I. 16 

129 

21.9 

3I-3S 

13-3 

28 

1-73 

1.48 

97 

19-3 

36-40 

28.6 

8 

7.04 

3-S2 

6 s 

19.4 

40-50 

II. 0 

16 

0.90 


endurance index (pulse) and age. There are no significant differences between 
the mean indices at the ages of 10 to 13 years inclusive. At the age of 14 years 
the mean endurance index decreases markedly and the 15-year mean index 
is significantly less than that for the 14-year group (P = o.oi) so that, ap- 
parently, in males as well as in females, the onset of adolescence decreases 
the ability to perform severe exercise. Males, too, show a rise in the mean 
index at the age of 20 years though the mean index at 20 does not differ sig- 
nificantly from that at 19 and for the age group 21 to 25 years. This rise is 
followed by a steady fall in the value of the mean index with increasing age; 
for example, the mean index for the 26- to 30-year age group is significantly 
less than that for the 21- to 2S-year group (P = nearly o.oi). 

Unlike the female subjects, however, the male subjects give a mean index 
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at 17 years that is significantly higher than that for 16 years (P = 0001) 
This contrasts with the significant fall in the value of the mean fitness index 
(pulse), which we have noted ^in the case of male subjects at the age of 17 
years. In most other respects the variation of the mean fitness index (pulse) 
is similar to the variation with age of the mean endurance index (pulse) 
though the maximum value in manhood is seen at 20 years in the case of the 
endurance index and in the 21- to 25-year groups in respect to the fitness 
index, and the mean fitness index (pulse) does not vary significantly between 
the ages of 14 and 16. 

b) Sex. The mean endurance index (pulse) at all ages is consistently less 
for females than the mean endurance index for males. In analyzing our data 
on the fitness index (pulse) we have grouped our figures for the years 10 to 
13 years inclusive, 14 to 16 years inclusive and 21 to 25 years. It is convenient 
for purposes of comparison to use similar groupings here. Table 4 gives the 
mean endurance indices for these three age groups in the different sexes, 


Table 4. VARrAxioN of mean endurance index (pulse) with sex 


AGECRODP, ' 

YR. 

IXETHOD OP ASSeSSMEfn: 

1 UALE 

FEMALE 

i 

SIONIP. OF 
DIPP., UAtE AND 
Fmi£ 

No. 0! 
Sub- 
jects 

Mean 

S.E. of 
M. ± 

No. of ! 
Sub- 1 
jects 

Mean 

S.E. of 
M. ± 


Endurance index 

1284 

28.2 

1 

0.32 

638 

2 S-S 




Endurance index 

899 

23.6 

0.32 

479 

21.9 1 



BQI 

Endurance index 

413 

25.1 

0.67 

63 

17.2 




In all three age groups, the mean index for males is markedly greater than 
that for females. 

c) Physique. Table 5 gives the mean index (pulse) for Ceylonese subjects , 
according to their physique types. It will be seen that the shmmer or more 
linear the subject’s physique the higher the endurance index (pulse). 

The differences are more marked the older the subjects. For example, 
there are no significant differences between the males in the age group 10 to 
13 years, but at the ages 14 to 16 years the linear types have a higher mean 
index than do the obese (P = 0.05), the stocky (P = 0.001), normal 
(P = 0.001), and the undernourished (P = 0.001). There is, there ore, a 
limi t to the degree of slimness since the definitely undernourished give a poor 
index. In the age group 21 to 25 years there are only 5 obese male ey one^ 
but their mean index is significantly less than that given by the sto ky 
<o.oi), the normal (P <o.oi), the slim yP <o.ooi) and the un era 
(P = o.oi). This suggests that obesity may be a greater detenant 
nourishment in determining capacity for severe exercise, but e n 
these two groups are very small. 
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The female subjects do show significant differences in the younger age 
groups of 10 to 13 years, since the obese have a lower mean index than the 
stocky (P = 0.05), the normal (P = 0.001), the slim (P = 0.001) and the 
undernourished (P = 0.02). In the 14- to 16-year group the obese again 
have a lower index than the normal (P <o.ooi), the slim (P <o.ooi) and the 
undernourished (P = o.oi), while here, also, the stocky have a significantly 
smaller mean index than the normal (P = o.oi) and the slim (P = o.oi). 

Therefore, physique may influence a subject’s capacity for severe exer- 
cise. In addition we have noted that the variation of endurance fitness with 
age and sex is stiff seen in each physique group. The decrease of endurance 
with age may be due in part to alteration of physique with increasing age. 


Table $■ Variation of mean endurance index (pulse) with physique 


ACi:, 

YK. 

PHYSIQUE 

KO. OF 
SCB. 
JECTS 

H 

S.E. OF 
If. ± 

ACE, Y». 

PHYSIQUE 

NO, OF 
5UB< 
JECTS 

MEAN 

INDEX 

S.E. 

OF 

U. db 


Hale 




Female 




10-13 

Obese 

9 

30 - s 

8.54 

10-13 

Obese 

8 

I 7 -S 

2.12 


Stocky 

32 

26.7 

3.10 


Stocky 

22 

24.6 

2.08 



341 

27.9 

0.86 


Normal 

190 

26.3 

0.80 


Slim 

497 

30*0 

0.76 


Slim 

214 

00 

1,00 


Undernourished 

I 4 S 

30-9 

1.32 


Undernourished 

S2 

25.2 

2.09 

14-16 

Obese 

10 

21.4 

3.07 

14-16 

Obese 

17 

16.8 

I-S 4 


Stocky 

IS 

20.4 

1-73 


Stocky 

49’ 

19.7 

1.31 


Normal 

208 

23.0 

0.81 


Normal 

208 

24.1 

0.74 


Slim 

334 

28.1 

o.g6 


Slim 

93 

34-0 

0.63 


Undernourished 

98 

21.6 

0,91 


Undernourished 

16 

20.4 

2 . 4 S 

2I-2S 

Obese 

5 

13-9 

3 -SS 







Stocky 

2S 

23.0 

2.06 







Normal 

197 

25,0 

0.94 







Slim 

99 

34-3 

1.44 







Undernourished 

S 

26. 1 

5-44 







The older the people of Ceylon become, the greater the munber of people 
with normal or stocky t3q)es of physique. This is true for both males and 
females and for all the races. For example the 10- to 13-year age group has 
the highest proportion of slim subjects and the lowest proportion of stocky 
subjects; the 21- to 2S-year group has the highest proportion of stocky sub- 
jects and the lowest proportion of slim subjects; the 14- to 16-year group is 
intermediate as regards physique distribution. (An analysis of the distribution 
of the subjects within the five physique t)ipes at the three age groups has been 
made; = 224.5 for males and P = much less than 0.001; X^ = 72.23 for 
females and P <0.001; see Cuffumbine (ii).) 
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Therefore, on the basis of physique alone, we should expect the cauacitv 
for severe exercise to decrease with age. This, however, is not the sole cause of 
the decrease because the deterioration with age is stiU seen even when wouns 
of the same physique are considered. ^ 


The difference between the sexes in their capacity for severe exercise is 
also not due to the phpique differences. Before the age of 14 years, the two 
sexes give a similar distribution of physique types = 6.212; P <020 
>0.10) but the capacity for severe exercise differs for the two sexes at all ages. 
After the age of 14 years the males are significantly less stocky than the 
females (P <o.ooi) and this may then be a factor in determining the differ- 
ence between the mean endurance capacities of the two sexes. 

d) Muscular dcuelopmeni. We have calculated the coefficients of correla- 
tion (r) between thigh muscle size and the endurance index and between leg 



muscle development and the endurance index for 500 subjects chosen at 
random from our data. For thigh muscle size and endurance index r = +o.n 45 > 
a relationship which is not significant; and for leg muscle development and 
endurance index r = —0.3838, which is significant at the level of P — o.ooi. 
Therefore muscular development is negatively correlated with a subjects 
endurance index, which is probably another way of saying that the slimmer 
the individual the greater his capacity for severe exercise. 

Endurance Index {Blood Pressure). Figure 2 shows the relationship between 
the endurance index calculated from the post-exercise systolic blood pressure 
and age. The curves for the two sexes are very similar to those obtaine w 
the endurance index (pulse) was related to age. When we studie ® , 

of the same subjects to moderate exercise we found ftat the fitness * 
(blood pressure) decreased more rapidly with increasing age 
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fitness index (pulse). Here, after severe exercise, no such marked difference 
between the blood pressure index and the pulse index is evident. 

The variation of endurance index (blood pressure) with sex and physique 
is also very similar to that described for the endurance index (pulse). We should 
expect this similarity since we have already shown that a close relationship 
exists between the two indices (9). 

Endurance Index {Time). The variation of endurance time with age is 
rather similar to that described for the endurance index (pulse) but differs a 
little in detail. The mean endurance time for males does not vary significantly 
between the ages of 10 and 13 years. Between the ages of 14 years and 16 
years there is a fall in the mean endurance time (mean at 16 years less than 
at 14 years; P = <0.05), then a rise at 17 years (17-year mean significantly 
greater than 16-3'ear mean; P = 0.001) and a further increase at the age of 
20 years (mean value at 20 years greater than that at 19 years, P = o.oi). 
Thereafter the mean endurance time decreases with age, the value for the 21- 


Table 6. Variation or CAPAarv tor prolonged exerctse ivith age 


AGE, YK. 

KO, OP SUBJECTS 

TIME IN SECONDS 

pdi.se index 

Mean 

s. E. ot M. db 

Mean 

S. E. of M. ± 


194 

189.4 

29.4 

76.7 

9.0 


204 

312.9 

22.4 

79-5 

3.7 


208 

460.3 

44.0 

114.4 

6.9 


206 

369.2 

36. S 

138.8 

5.5 


188 

712.7 

48.7 

175.3 

8.8 


to 25-year age group being significantly less than that at 20 years; P = nearly 
0.001. 

Female subjects show a more constant faU in endurance time with age. 
There is a slight, but insignificant, fluctuation in the mean endurance time 
about the age of 20 years but, otherwise, the faU is gradual and significant 
from the age of 10 years onward. The relationship between endurance time 
and sex, physique or muscular development is very similar to that noted 
for the endurance index (pulse). 

Prolonged Moderate Exercise to Fatigue {Exhaustion Step Test), 1,000 Boys 

Exhaustion Index {Pulse), a) Age. Table 6 gives the mean indices for 
various age groups. The capacity for prolonged muscular effort increases with 
age. This contrasts ivith our previous results in which we have noted that 
pre-adolescent subjects are fitter than adult subjects for both moderate and 
severe muscular effort. 

Exhaustion Index {Time), a) Age. This method of assessment gives the 
same type of variation with age (see table 6). 
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h) Physique. Table 7 classifies the subjects according to their physique 
and It will be seen that those subjects with normal type of physique give the 
best assessment of capacity for prolonged exercise. 

We have shown that the capacity for moderate exercise and for severe 
exercise is negatively correlated with the degree of muscular development of 
the legs. Calculation for the group of 1000 school boys of the coefficient of 
correlation (r) between their leg muscle development and the time for pro- 
longed exercise to exhaustion gives a value of t ~ — o.o2pii. This is not 
significant and we can conclude that our data do not indicate any significant 
correlation between muscular development and capacity for prolonged exer- 
cise. 


It is evident, therefore, that we must distinguish between rapidly fatiguing, 
severe exercise and more prolonged and moderate exercise to fatigue. Our 
main assessment has been by means of a test involving the former type of 
exercise because we believe that we have shown that such a test gives an 
accurate assessment of a subject’s capacity for intense muscular effort (4). 


Table 7. Variation' of capacitv for prolonged exercise with physique 


PHYSIQUE 

NO. OF SUBJECTS | 

1 

ICEAN TntE, SBC. 

I s. E. or If. ± 

Obese 

40 

30s -0 

33.1 

Stocky 

128 

360.3 

f 27.7 

Normal 

278 

564.2 

16.8 

Slim 

394 j 

521.4 

! 22.7 

Undernourished 

160 1 

359-6 

25.9 


Moreover, a prolonged and moderate exercise test, besides being very time- 
consuming, is difficult to use with any reliability on large numbers of subjects 
because of the great importance of motivation in determining a subjects 
performance. The aspect of exercise revealed by such a test must, however, 
always be noted in any comprehensive appraisal of the fitness for muscular 

exercise. 


Strength 

Weight Lifted, a) Age. The mean strengths and their standard errors for 
each age and sex are given in table 8. The mean strength of males increases 
with increasing age from 10 years onward until about the age 3° jea • 

The increase is fairly rapid until the age of 18 years, the mean s S 
each age differing signiecantly from the previous age. For ^ 

strength at lo years is less than that at rr years (F 
years is significantly less than the mean at 12 years (F <om ) 

The onset of adolescence does not appear to influence this gra ua 
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strength. After the age of 18 years the rate of increase in strength is much 
slower. Thus the mean at 18 years does not differ significantly from that at 
19 years or at 20 years, and the difference between the mean at 20 years and 
that for the 21- to 25-year age group is also not significant. However the mean 
strength for the age group 21 to 25 years is significantly greater (P = 0.001) 
than the mean strength at 18 years so that a gradual and eventually significant 
increase occurs after the age of 18 years. 

The strength of males appears to reach a maximmn between the ages of 
26 to 30 years and there is an apparent decline afterward. Actually the mean 
strengths for the age groups between 21 and 50 years do not vary significantly 
but our groups are rather small. 

The increase in the strength of females with age is much more gradual 
than in the case of males. The mean strengths at 10 and ii years, at 12 and 


Table S. Variation of strength with age anb sex 




FEILU-E 

HALE 


FEUALB 

S.E. of 
M. ± 

Mean 

Strength 

No. of 
Sub- 
jects 

AGE, 

'iB. 

No. of 
Sub- 
jects 

Mean 

Strength 

S. E. of 
M. d: 

S.E. of 
M. ± 

Mean 

Strcngtli 

No. of 
Sub- 
jects 

AGE, 

YB. 

No. of 
Sub- 
jects 

Mean 

Strength 

S.E. of 
M. =i: 

0.4S0 

32.8 

285 

10 

00 

31-6 

0-9SI 

1-034 

68.8 

250 

18 

86 

42.4 

1-378 

0.480 

34-4 

276 

IZ 

106 

33-1 

0.707 

1.456 

69. 1 

138 

19 

48 

41.8 


0.560 

37-4 

330 

12 

131 

3S-8 

0.642 

1.603 

71.4 

122 

20 

24 

44.0 

3-470 

0.618 

41.1 

330 

13 

124 

36.8 

1.068 


74.6 

280 

21-25 

47 

44-9 

2.245 

0-733 

44.9 

32s 

14 

161 

38-9 

0.784 

I -09s 

75-7 

180 

26-30 

31 

44.3 

2.775 

1.034 

S3 - 2 

210 

IS 

122 

41.0 

0.958 

1-503 

74-7 

125 

31-35 

17 

48.7 

1. 217 

0.987 

59-8 

280 

16 

120 

42-4 

1-039 

2.047 

72.9 

66 

36-40 

4 

Si-o 

12.329 

I -257 

62.0 

248 

17 

182 

40- S 

I -319 

2.751 

74.4 

30 

41-50 

5 

47-6 

5-950 


Strength is measured in kg. weight lifted. 


13 years and at 13 and 14 years do not differ significantly, but the mean at 
II years is less than that at 12 years (P = o.oi) and that at 12 years is less 
than the mean for 14 years (P = o.oi). Therefore a slow increase in strength is 
taking place. After the age of 16, however, strength appears to be more or 
less constant in females until the age of 30 years. There appears to be an 
increase in the 31- to 3S-year group (the mean at 31 to 35 years greater than 
the mean at 19 years; P = o.oi) but this group is numerically very sm all. 

b) Sex. At all the ages the strength of females is less than that of males 
(table 8) and the greater the age the greater the difference between the sexes. 
When considering fitness for moderate and severe exercise we have found it 
convenient to group the subjects into the age groups 10 to 13 years, 14 to 16 
years and 21 to 25 years. For purposes of comparison we have used a simil ar 
procedure here. Table 9 gives the mean strength for the three age groups and 
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for each sex In all these age groups the mean strength of the male subiVrtc 
IS significantly greater than that of the females: 10 to 13 years P - 0 00 
to 16 years, P = 0.001 ; 21 to 25 years, P = o.ooi. ' ~ 

tahlp ^ ® strengths for each physique type are shown in 

table 10. Statistically significant differences to be noted are: 

Ceylonese males: undernourished and weaker than slim (P <o.ooi), than 
normal (P <o.ooi), than stocky (P < 0.001) and than obese (? 
<o.ooi) ; slim weaker than stocky (P <o.ooi), than normal (P <o.ooi) 
and than obese (P = 0.05). 


Table 9. Variation of strength with sex 


MALE 

ACS, yx. 

female 

S.E. of M. ± 
.| 

Mean Strength 

No. of Subjects 


No. of Subjects 

JMean Strength 

S. E. of M. ± 

0.283 

36.6 

1221 

1 

10^13 

445 

34.7 

0.431 

0-559 

S 2.2 

S16 

14-16 

403 

40.6 , 

0.529 

0.906 j 

74.6 

280 

21-25 

47 

44-9 J 

2.245 


Strength is measured in kg. weight lifted. 


Table 10. t^ARUTiox of strength with physique, ages 10 to 30 years inclusive 



MALE 


1 

PHYSIQUE rvpE 


FEMALE 


S.E. of 

M. ± 

Mean 

Strengtli 

No. of 
Subjects 

No. of 
Subjects 

Mean 

Strength 

S.E. of 
M.± 

10.17 

57.9 

29 

Obese 

43 

44-4 

3.020 

3-390 

62.5 

lOI 1 

Stocky 

125 

41.2 

0.80S 

O.32S 

61. S 

9II 

Normal 

507 

39-4 

0.266 

0. 184 

SI -1 

1225 

Slim 

293 

37-3 

0.252 

0.996 

46.0 
i ^ 

2S3 

Undernourished 

SO 

34-9 

0.620 


Strength is measured in kg. weight lifted. 


Ceylonese females: undernourished weaker than stocky (P <o.ooi), than 
normal (P <o.ooi), than obese (P < 0.001) and than slim (P = o.oi), 
slim weaker than normal (P = o.oi), than stocky (P = 0.001) and 
than obese (P = 0.001). 

Therefore, as to be e.xpected, the thinner and the more undernourished t e 
individual the less his strength. In the case of Ceylonese females the obese 
are the strongest and, in the case of Ceylonese males, the stocky and t ose 
of normal build give the highest assessment of strength. Can the difference 
in physique account for the differences in strength noted to exist between 

different ages and the two sexes? , 

Strength increases with age and the Ceylonese become more s 
with increasing age, but variation in physique alone cannot account or 
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influence of age. This is evident if we compare subjects with the same type of 
physique when an increase of strength with age is still seen. Females are 
weaker than males but, after the age of 14 years, Ceylonese females become 
more stocky in build than the Ceylonese males. Therefore, again physique 
does not determine the difference between sexes. 

d) M-iisciilar development. The muscular development of each subject has 
been assessed by taking the sum of the maximum circumferences (in cm.) 
of the right arm and forearm and dividing by the height (in cm.) of the sub- 
ject. The variation of the muscular development of the upper limb wnth age 
is shown in figure 3. There is an apparent relationship between the muscular 
development of the arm and the strength of each sex. The variation with age 
is very similar for these two properties, a maximum being reached in each 
instance at about 25 to 30 years in the case of males and at about 18 years in 
the case of female subjects. 



The coefficients of correlation (r) between arm muscle size and strength 
and arm muscle development and strength have been calculated for 500 sub- 
jects chosen at random from our data. Arm muscle size and strength give a 
value of r = -1-0.8324 and arm muscle development and strength give a value 
of r = -1-0.9124, both coefficients are highly significant. 

All the differences in strength which we have noted cannot, however, be 
accounted for purely by differences in muscular development. Thus, females 
are weaker than males at all ages, yet females have bulkier arms and forearms 
relative to height than have males at the ages 10 to 13 years (P < 0.001) 
and 14 to 16 years (P = 0.001). 

Grip Strength, a) Age. The variation of intensity of grip with age is s imilar 
to that just noted for weight lifting. There is an increase from the age of 10 
years onward until a maximum is reached in early manhood (about 21 to 25 
years) and then a decline occurs with advancing years. It will be noted that 
the grip strength reaches a maximum at an earlier age than does the capacity 
for weight-lifting. Weight-lifting is a more complex exercise than is hand- 
gripping, involving as it does more joints and muscles. The difference may. 
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therefore, be a true one, although it is possible that there is a greater fear nf 
strain associated with the more unnatural weight-hfting, which fact maviavp 
influenced the results. 

b. The variation in the case of female subjects is again somewhat 
different. At all ages the intensity of the grip of females is less than that of 
males but the increase in grip with age parallels that occurring in males in 
the pre-adolescent years. From the age of 14 years onward the rate of increase 
in the case of females becomes much slower and an apparent maximum is 
reached about the age of 19 years. Grip strength also gives correlations with 
arm muscle size or development which are similar to those quoted for weight- 
lifting. 


Table h. Variation of time to run ioo yards with age, sex and physique 


AGE Ofi 
PHY- 
STQUE 

%£AtE 

PEHALE 

AGE 05 
PHYSIQUE 

MAIE 

JEMAIE 

No. of 
Sub- 
jects 

Mean 

Time, 

sec. 

S.E. 

of 

M. d: 

No. of 
Sub- 
jects 

Mean 

Time, 

sec. 

S.E. 

of 

M.H: 

No. of 
Sub- 
jects 

Mean 

Time, 

sec. 

S.E. 

of 

M. ± 

. . 

No. of 
Sub- 
jects 

Mean 

Time, 

sec. 

S.E. 

.of 

M.± 

10 

287 

15-40 

0.2SS 

160 

16.00 

0.367 

tS 

251 

12.26 

0.239 

8r 

15-83 

0-579 

It 

298 

14.50 

0. 260 

162 

lS-90 

0.316 


161 

II . 00 

0.101 

40 

15-05 

0 -W 5 

12 

322 

14.94 

0.24s 

183 

15.20 

0.460 

20 

140 

11.06 

0-439 

29 

14-95 

0.989 

13 

340 

14.76 

0.139 

160 

14.58 

0,234 

Obese 

138 

15-00 

0.458 

14 

m 


14 

345 

13.96 

0. 262 

186 

14.21 

0,283 

Stocky 

38s 

13-60 

0.184 

107 

m 


IS 

260 

13-60 

0.258 

ISO 

16. It 

0.447 

Normal 

606 


0.134 

435 

IS- 3 S 

0.303 

16 

277 


n 

145 

15-85 

0.524 

Slim 

1294 

13-73 

0.130 

625 

14.48 

0.207 

17 

242 


B 

82 

16.25 

0.274 

Under- 

496 

14-14 

0.247 

203 

16.6 

0-353 




■ 




nourished 

1 







Speed 

A group of schoolboys and schoolgirls were timed while running, com- 
petitively, a distance of 100 yards. Table ii indicates the variation of this 
time with age, sex and physique. As was to be expected, the boys were faster 
than the girls and, within the age groups tested, speed of running increased 
with age for boys. In the case of the girls tested, speed increased with age up to 
14 years, after which age there was a deterioration in performance. Boys 
with a normal type of physique were faster than the others and, for gir s, t e 

slim girls were the faster. , 

Calculation of the coefficient of correlation between leg musck deve p- 

ment and time to run 100 yards gives, for 500 subjects, a value of r - 73 . 

which has a probability of <0.001. Therefore, speed of running is correlated 

significantly with muscular development of the legs. 


DISCUSSION 

Aie. Using the Harvard Step Test for the 
perform moderate muscular exercise we have conclude 
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(measured by an index based on the duration of exercise and the heart rate 
during recovery) is constant for boys in the pre-adolescent years, declines 
with the onset of adolescence, shows a further significant decrease at the age 
of 17 years, then rises steadily to a new maximum between the ages of 21 to 
25 years, and thereafter declines slowly again. Girls behave similarly except 
their mean fitness index rises at the age of 17. GaUagher and Brouha (i) when 
testing boys between the ages of 13 and 19 years, who did a constant amount 
of work on a bicycle ergometer, reported that the physical fitness index was 
related more to body surface than to age. Johnson, Brouha and GaUagher 
(ii), using a step test to evaluate the fitness of 609 boys ranging in age from 
12 to 19 years, similarly concluded that fitness was independent of age. Our 
results do not conform to the conclusions of these workers and their published 
data do not permit a statistical analysis. For comparison our groups of sub- 
jects are greater than theirs but yet it may be that American chUdren differ 
from the Ceylonese. Certainly we do not believe that our results can neces- 
sarily apply to peoples elsewhere. Other workers, however, have noted an influ- 
ence of age on muscular performance. Jold and Cluver (12), when testing South 
African children, noted that puberty caused a retardation in the rate of 
progress of the abiUty of boys to run 100 yards and stopped the progress in 
the ability of girls to run 100 yards. Espenschade (13), from observations on 
California boys and girls during adolescence, foimd that the ability for sprinting 
and long jumping increased in boys during adolescence but reached a maximum 
in girls at the age of 14 years and then tended to decline. 

We have noted a decrease in the mean fitness index after early manhood 
and McCurdy and Larson (14), from results of similar cardiovascular tests 
on over 1,000 subjects between the ages of 18 and 80 years, foimd a decrease 
in efficiency in the upper age ranges and a progressive decrease in the rate of 
recovery of the pulse after exercise. 

When assessing performance on a severe exercise test, we have concluded 
that the capacity to perform this type of exercise decreases with advancing 
age in both sexes from about the age of 14 years onward, with temporary 
increases at 17 years and possibly at 20 years. Jokl and Cluver (13), using the 
time to run 600 yards as their basis of assessment, have concluded that the 
'power of endurance’ of boys increases steadily between the ages of 5 and 20 
years, adolescence retarding, but not interrupting, the progress. The power of 
endurance of girls, they found, reached a maxim um at the age of 13 years 
and then declined so that a girl of 6 years usually had a better performance 
than a girl of 18 years. 

The different conclusions are undoubtedly due to the different methods 
of assessment. The Harvard Step Test, we know, does not give a high correla- 
tion with the ability to run (16). However, most observers are agreed that 
the best methods of assessing fitness for severe exercise include measurement 
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of the time of performance of severe exercise to fatigue and the post-exercise 
pulse rate (7). 

This decrease with age of the endurance and fitness indices does not mm 
that older subjects are less capable of performing muscular effort than younger 
people. For example, the Ceylonese boy of 18 years weighs about twice as 
much as the Ceylonese boy of 10 years (average weights for our subjects were 
24.0 kg. at 10 years and 48.5 kg. at 18 years). Therefore, in performing a 
Step Test, i8-year-old subjects do twice as much work per minute as do the 
lo-year-old boys. 

The fitness index (pulse) and the endurance indices are not correlated 
significantly with weight (17), but the work performed in the Step Test will be 
directly proportional to the weight of the subject. Another method of as- 


TaBLE 12. VARrATXON OF ItEAN WORK-PULSE INDICES WITH AGE FOR CEYLONESE MALE SUBJECTS 


AGE, YR. 

1 

NO, or 

SUBJECTS 1 

i 

HARVARD STEP TEST 

: 1 

1 

1 Ko. or 

SUBJECTS 

ENPURANCE STEP TEST 

Mean Inde.T 

S.E.ofM. ± 

Mean Index 

1 

S.E. ot M. ± 

10 

287 

38.6 

0.47 

265 

19-3 

0.44 

II 

298 

42.1 

i 0.53 

1 296 

20.6 

0 .S 3 

12 ! 

322 

4 S'S 

0.49 

378 

22.1 

0.31 

^3 1 

340 

SI -9 

0.50 

345 

24.8 1 

0,61 

14 

345 

SO. 4 

0.54 

333 

23-3 1 

0.62 

IS 

260 

52-7 

0.78 ! 

279 .1 

22.4 

0.36 

16 

277 

1 59-8 

0.83 

287 

25-3 

o-Si 

17 

242 

62.4 

0.82 i 

230 

3 I-I 

0 . 7 S 

18 

2 S 7 

69.5 

O.S6 ' 

262 

1 31-7 

0.72 

19 

161 

70. 2 j 

1. 10 ; 

162 

1 32-1 

1. 01 

20 

! 140 

1 7 S -6 

0.99 : 

143 

1 38.0 J 

2.93 

21-25 

406 

78. S 

0.86 

413 

35-0 

0.9s 


Work pulse index = Work done in foot-pounds/Sum of post-exercise pulse rate at i-ib 2-2!, 


3-3§ minutes after cessation of exercise. 


sessing the circulatory efficiency is, therefore, to devide the calculated work 
done (in ft. lbs.) during the stepping exercise by the rate of recovery of the 
post-exercise pulse rate, i.e. by the sum of the pulse rates at three periods 
during the recovery as in calculating the fitness index (pulse). Such an as- 
sessment gives the figures shown in table 12. These indices, based on work 
done, increase (except for the ages 14-15 years) with increasing age 
years to the early twenties. Therefore, when the work done is assessed, th 
older subjects appear to be the more efficient, but where the bo y weig 
ignored and only the actual times oJ performance of a given 
each individual are taken into account, then the younger subjec s, g 
give the higher fitness indices. 
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Chronological age is not always the best means of classifying growing 
children; a grouping based upon the stage of growth or development of the 
child would probably be more satisfactory. One such method of grouping is 
by means of the ‘developmental levels’ on Wetzel’s weight and height grid (lo). 
We have determined the developmental level for each child and we have 
calculated the coefficient of correlation between the developmental level and 
the fitness index or the endurance time for 500 subjects chosen at random 
and between 10 and 20 years of age inclusive. The following values were 
obtained: Developmental level and fitness index (pulse), r = —0.3403, 
(P = 0.001); developmental level and endurance time, r = +0.1667 (P = 
o.i). This means that not only is there a general tendency for the fitness 
index to decrease with chronological age but the index also decreases sig- 
nificantly with increasing developmental level. On the contrary, there is no 
simple relationship between developmental level and endurance time. 

In contrast with the above findings, speed of movement, muscular strength 
and the ability to sustain moderate exercise to fatigue do increase with age to 
maxima in early manhood or womanhood. Similarly, speed, strength and the 
exhaustion indices increase with increasing developmental level and are pos- 
itively and significantly correlated with the developmental level (e.g. coef- 
ficient of correlation between weight lifting and developmental level for 500 
random subjects, aged 10 to 20 years, = +0.3285, and between handgrip 
and developmental level = +0.7546). 

Sex. Metheny et al. (18) have compared the physiological responses and 
performances of men and women during and following a non-exhausting walk. 
In general they found that the men were fitter than the women, v/ho had a 
higher pulse rate and a higher blood lactate level during the walk. They con- 
cluded, however, that there was no clear-cut division between men and women 
in physical fitness for exertion, since some of the best women were fitter than 
the poorest men. Their groups were small in number (30 men, 17 women) 
and they were selected subjects as to health and the amount of daily activity. 

In our survey the female subjects, as groups, gave consistently lower 
mean fitness indices at all ages (except the anomalous 17th 3mar and possibly 
the higher adult ages) than did the male subjects. Some females gave a higher 
index than some males but, in general, the distinction was well marked. 

Similarly for severe exercise the female subjects gave consistently lower 
mean indices at all ages than did male subjects. Jokl and de Jongh (19), from 
their extensive studies in South Africa, have also concluded that women are 
inferior to men in endurance, though they claim that the difference in per- 
formance ability between the two sexes is not apparent tiU after puberty. 
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Which merely retards development in males but may stop progress or cause 
a decline m females. Our data show a difference between the two sexes even 
m the age group lo to 13 years. Metheny al (18) have compared the phys- 
iological responses and performances of 30 men and 17 women during and 
following an exhausting run. They foimd that the men ran twice as long on an 
average, as the women before being exhausted and had higher fitness Indices 
too. Speed and strength were also greater in male subjects than in females. 

Physique and Muscular Deoelofnienl. Although it is commonly assumed 
that man’s capacity for muscular exercise may be influenced by his body build 
there are few experimental data to illustrate this assumption. Indeed, until 
recently, little notice was taken in experimental human physiology of indi- 
vidual variations in body measurements and their possible affect on function. 

On the other hand anthropometric studies do indicate that there is an 
interrelation between body build and capacity for exercise. Data from equal 
groups of negro and white American college students indicate that the negro 
has body measurements which should make him the more efficient in sprinting, 
jumping and throwing but that the white students would be superior in tests 
of endurance (20). Seltzer (21), from a study of 34 adult males who exercised 
on the treadmill while their oxygen metabolism was measured, concluded 
that those possessing shorter limbs, longer torsos, flatter chests and narrow 
hips (the ‘linear’ types) had a higher resting oxygen intake and a lower me- 
chanical efficiency in moderate work. Gallagher and Brouha (i), when 
measuring the efficiency for hard muscular work in adolescent boys using a 
method in which the work was kept constant, found a closer relationship 
between fitness and body surface than between fitness and age, weight or 
height alone. 

Winslow and Gagge (22) showed that, if a large man and a small man 
performed work on a bicycle ergometer, then their efficiencies were equal and 
the increase in metabolic rate was proportional to the work output and was 
not related to body weight. This is presumably because the subject does not 
have to move his body weight in order to do this type of work. Robinson (23), 
however, using a motor treadmill also found that the efficiencies of a large 
man and a small man in performing the work were the same, but under en- 
vironmental conditions (32° C. and 70 per cent humidity) which limited hea 
dissipation, the larger man accumulated heat throughout the work an a 
to stop with approaching heat exhaustion, whereas the smaller man a aine 
heat balance. This iUustrates the importance of the ratio of weight to sur 
area because, in both men, the heat produced was in proportion body w g 
but the ratio of weight to surface area was 20 per cent grea er in 

Women with a muscular type of body are usually better athletes t 
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those with a feminine build, but Caqjenter (24) believes that muscular de- 
velopment and strength are more important than mere body type. Pryor and 
Smith (25) have found that adolescent girls with a broad, lateral configuration 
have a greater capacity for physical work than the linear type of girl. 

Our data gave no evidence that physique plays an important part in 
determining a person’s response to moderate e.vercise. Our groups of subjects 
are numerically much larger than those of other workers and also the latter 
have, in many cases, used a different method of assessment. Gallagher and 
Brouha (i) also based their conclusions on the rate of recovery of the pulse 
rate, but Winslow and Gagge (22) and Robinson (23) measured the heat 
production and the metabolic rate; Seltzer (21) estimated the oxygen metab- 
ohsm; while Jokl (8) considered the time taken to run a short distance. These 
various methods of assessment may not be equally sensitive or reliable. Most 
workers are agreed that the pulse rate during recovery from a fixed amoimt of 
submaximal or moderate work is one of the most reliable measures of fitness 
(i, 3. 7. 26). 

As regards severe exercise, Seltzer (21) has studied the oxygen metab- 
olism of 34 subjects while they exercised on the treadmill. He found that 
those with a ‘linear’ physique had, in exhausting work, a greater capacity per 
kilogram body weight for supplying oxygen to the tissues than had the ‘lateral’ 
types of individual. Jokl (8) foimd that 20 South African white girls in the 
postmenarcheal state were more bulky for their height and had a lower ‘power 
of endurance’ (measured by the time to nm 600 yards) than had 20 girls in 
the premenarcheal state. 

Our results support these observations. We have noted that those with a 
slim or linear t)fpe of physique have a greater capacity for severe exercise than 
have the stocky or the obese type. Definite imdernourishment limits this 
advantage of linearity but obesity would seem to be more harmful than even 
undernourishment. 

Strength, speed and performance of moderate exercise to fatigue are all 
greatest in these with a normal or stocky type of physique. These are the 
three aspects of functional fitness which also increase with age. 

SUMMARY 

The response to moderate and severe exercise and the strength and the 
speed of movement have been measured for 7,000 Ceylon subjects from the 
age of 10 years upward. 

The fitness index (for 5 minutes of moderate exercise) and the endurance 
index (severe exercise) decrease with age. The fitness index also decreases with 
increasing developmental level, but the endurance index is not related to the 
developmental levels. These indices are based partly on the time of perform- 
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ance of a standard type and rate of exercise. If the work performed is taken 
into account then the older subjects give the better assessments. 

^ Speed, strength and the ability to sustain moderate effort to exhaustion 
all increase with age, to reach maxima in early manhood or womanhood 
These aspects of dynamic fitness also increase with increasing developmental 
level. In^ all respects female subjects give poorer assessments than do males. 
Those wdth a normal or a stocky body build have, on an average, the greatest 
speed, the greatest strength and the greatest ability to sustain prolonged 
muscular effort. Severe exercise is best performed by those with a slim body 
build. 

Within the range presented by our group of subjects, the less the leg 
muscle development the greater was the fitness index and the endurance 
index. The greater the leg muscle development, the greater was the speed of 
movement. The greater the arm muscle development, the greater was the 
strength. 
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Appendk a. Mean heights and weights, and standard errors of the means, for Ceylonese 


AGE 

MEAK HEIGHTS 

MEAN WEIGHTS 

67 % DEVELOPMENT 
LEVEL (WETZEL, lO) 


stales 

Females 

Males 

Females 

Males 

Females 


cm. 

cm. 

Ig . 

is- 




126.3 ± 0.65 

125. S ± 0.83 

24.0 ± 0.40 

23.9 ± 0.31 

54 

55 


130.2 ± 0.53 

i 132.0 ± o.gg 

26.5 ±0.32 

27.5 ± 0.36 

62 1 

6S 


134.1 ± 0.52 

I 3 S-S ± 0.86 

28.8 ± 0.31 

30.1 ±0.33 

70 

76 

13 

138.8 ± 0.8s 

140.6 ± 0.79 

32.4 ± 0.52 

33-5 ± 0.40 

80 

87 

14 

145-2 ± 0-76 

143.2 ± 0.61 

33.8 ± 0.33 

37.4 ± 0.55 

90 

97-5 

IS 

153.2 ± 0.93 

145.6 ± 0.74 

36.3 ± 0.54 

38.2 ± 0.44 

102 

107 

16 

154.0 ± 0.89 

148.7 ± 0.44 

40.9 ± 0.52 

39.7 ± 0.47 

113 

1 13 


159.2 ± 0.62 

150.0 ± 0.52 

44-7 ± 0.49 

41.5 ± 0.48 

123 

114 


160.5 ± I. 41 

150.4 ± 0.98 

48.5 ± 0.51 

44-2 ± 0.51 

128 

IIS 


160.7 ±1.20 

149.2 ± i.oS 

49.2 ± 0.38 

43.5 ± 0.62 

131 

115-S 


161.9 ± 0.99 

149-7 ± I. 4 S 

49.9 ± 0.46 

43-2 ± 0.59 

132 

II6 


1 161.3 ± 0.66 

149-5 ±1.36 

1 S0.7 ± 0.30 

41. I ± 0.58 

132 

II6 












Evidence for Adrenergic Sweating in Man^ 


I 




-T WAS PREVIOUSLY REPORTED (i) that in the course of an investigation on 
the vasomotor effects of Dibenamine (N,N-dibeiEyI-, 3 -chiorethyIamme hydro, 
chloride) an adrenergic blocking agent, spontaneous palmar sweating in man 
was found to be blocked. The interpretation of this observation appeared to 
be at variance with the known concept of the strictly cholinergic innervation 
of these glands. From the preliminary observations it was concluded that in 
addition to the known cholinergic innervation of the sweat glands, there seemed 
to be also an adrenergic component in the nervous mechanism of sweating in 
man. In the present paper, further data are presented in support of the orig- 
inal conclusion. 


METHODS AND MATERIAL 


Spontaneous and locally-induced sweating by intradermal injection of 
various drugs was studied. A colorimetric method developed by Silverman 
and Powell (2), was used for determining the presence and the amount of 
sweating. Prints of the sweat glands were obtained on paper treated with 
tannic acid. The latter reacts with the iron of ferric chloride painted on the 
skin, to form a stain on the paper ranging from gray-blue to blue-black. The 
size and intensity of the resulting pattern are directly proportional to the 
amount of sweat secreted. This method was used in all experiments. 

In the study of spontaneous sweating, in all instances, prints of the 
palms and occasionally those of the plantar region of the feet were taken. In 
conjunction with this study, measurements of skin temperature of the fore- 
head and the upper and lower extremities were recorded in all cases. These 
determinations were made under basal conditions, with an environmental 
temperature ranging from 72° to 76°F. and a fairly constant humidity. Sweat 
prints and thermometric changes were recorded before and after the adminis- 
tration of Dibenamine. The latter was administered by the intravenous route, 
at the dosage of 5 mg/kg. of body weight. The method of its administration 

was reported in a previous publication (3). 

Electrical skin resistance (E.S.R.) was measured using the neurodermom- 
eter described by Richter (4). One electrode was clipped to an ear lobe an 
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electrolyte paste was used on the disc of this electrode. The E.S.R. of all the 
fingers and toes, using the palmar and plantar surfaces respectively, was meas- 
ured before, during and after the administration of Dibenamine. 

The sudomotor response of the following drugs was studied: epinephrine 
(Adrenalin chloride, Parke, Davis & Co.), nor-epinephrine (L-nor-epineph- 
rine or arterenol), Isuprel (N-isopropyl-nor-epinephrine), Neo-Synephrine, ace- 
tylcholine cliloride (Merck), Mecholyl (Merck). In the early stage of this in- 
vestigation, epinephrine and Neo-Synephrine were given by slow intravenous 
infusion. Because of systemic effects coupled with irregular sudomotor re- 
sponses, intravenous administration of these drugs as a means of inducing 
sweating was discontinued. Instead, the local effects of these drugs were stud- 
ied by intradermal injection. Normal saline was used as control. The volar 
surface of the forearm was used in most experiments. Occasionallythe palmar 
surface of the distal phalanx of the fingers,^ the plantar region of the feet, the 
anterolateral aspect of the legs and the forehead were used also. The various 
drugs were used in concentrations ranging from io~® to io~^. The dose used 
in most injections was o.i cc. and was made intradermaUy with 26- or 27-gauge 
needles. Rarely the doses used were 0.2 cc. or 0.3 cc. Prints were taken every 
3 minutes until the disappearance of the activity of the sweat glands. 

RESULTS 

I. Spontaneous Sweating: Its Inhibition By Dibenamine 

Colorimetric determination. Spontaneous sweating patterns were studied 
in’'33 subjects before and after the intravenous administration of Dibenamine. 
Fourteen of these subjects had hypertensive vascular disease, 12 had various 
peripheral vascular conditions and 7 had various neurological syndromes. At 
the early stage of the investigation, simple clinical observations of the sup- 
pression of sweating following Dibenamine infusion were made 8 times in 2 
subjects. Sixty experiments using the colorimetric method, were made in the 
remaining 31 subjects. Pahnar sweating patterns were studied in 55 instances, 
and plantar sweating patterns in 5. 

According to the standards described for the rating of sweating by Silver- 
man and Powell, the pre-Dibenamine sweating patterns in this series of 60 
tests were: intense in 38 per cent, strong in 27 per cent, moderate in 23 per 
cent, and faint in 12 per cent. Tests after Dibenamine (fig. i) showed that 
spontaneous sweating was completely or nearly completely inhibited (blank 
print) in 47 per cent, faint in 42 per cent, moderate in 10 per cent, and strong 
in 2 per cent. Concomitant measurements of skin temperature showed in al- 
most each instance a maximum vasodilatation of the cutaneous vessels of the 

* Painful stimuli due to tie needle pricking of one finger often induced intense sweating of the 
enUre hand, thereby invalidating the test. Only cases with local responses were selected for the study 
of induced sweating in the fingers. 
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If vomitmg occurred as a side-effect, spontaneous sweating was usuaBTob: 




Fig. I. Pi^ OF spontaneous palmar sweating. Intense pattern before (x) and faint pattern 
after (2) administradon of Dibenamine. 



A B C A B C 


Fig. 2 . Prini of palmar aspect of the 3 mid- 
dle fingers, before (x) and after (2) administration 
of Dibenamine. Locally-induced sweating by intra- 
dermal injection of: A =0.1 cc. saline, B = o.i cc. 
Mecliolyl 1:500,000, C = o.i cc. epinephrine 


served. Within 15 to 30 minutes 
after cessation of vomiting, how- 
ever, the anhidrotic effect of Di- 
benamine became again apparent. 
Mecholyl and acetylcholine tested 
after administration of Dibenamine 
showed no impairment of their 
sudomotor effect. 

Electrical skin resistance 
(E.S.R.). The effects of Dibena- 


1:1,000,000. Note in z the presence of both spon- E.S.R. were recorded 

taneous and induced sweating patterns. In 2, after . . M t'i 

administration of Dibenamine, spontaneous sweat- times in 12 patients (taoie j. 
ing is completely inhibited, adrenergic sweating is The average control E.S.R. in 1$ 
abolished and only Mecholyl-induced sweating is performed in lO sub- 

jects was 427 K (megohms), while 
the average of the highest E.S.R. foUowing Dibenamine infusion was 3682 
K, an increase of 3255 K. In 3 experiments performed in 2 subjects, the post- 
infusion E.S.R. was too high to be read with the dermometer. The sweating 
responses studied colorimetrically paralleled, as a rule, the E.S.R. values. 

In experiments i and 4 (table i), after having recorded the highest post- 
Dibenamine E.S.R., 0.65 mg. atropine sulfate was administered su cutan 
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eously. Within 15 to 20 minutes the E.S.R. was too high to be read with the 
dermometer. It is noteworthy that control studies in the same subjects follow- 
ing the use of the same amount of atropine but without Dibenamine, pelded 
much lower E.S.R. values. 


Table i. Electrical skin resistance before and after dibenamine infusion 


PATIEKT, DATE 

COIANEOOS EEStSTAKCE I 

PATIENT, DATE 

CUTANEOUS RESISTANCE 

Area' 

Before 

infusion 

(lowest) 

After 

infusion 

(highest) 

Area' 

Before 

infusion 

(lowest) 

After 

infusion 

(highest] 



k 

k 



k 

k 

I. R.A. 

L. palm 

SI 

168 

10. /. B. 

L. 3rd finger 

1800 

9000 

4/14/18 

L. 4th toe 

208 

594 

10/28/48 

L. 3rd toe 

1285 

7500 

2. R.A. 

L. 4th finger 

277 

6930 

II. I. K. 

R. thumb 

45 ° 

2250 

4/19/48 

L.heel 

208 

5200 

1/31/49 

R. 4th toe 

45 ° 

0 

0 

0 

3. S. E. 

E. thumb 

33 & 

547 

12. I. K. 

R. 2nd finger 

900 

6420 

4/16/48 

L. heel 

495 

2970 





4. B. S. 

L. palm 

208 

10400 

13. I. K. 

R. thumb 

600 

2647 

4/23/48 

L. heel 

219 

1220 

3/24/49 

R. 4th toe 

450 

1500 

5. F. P. 

L. thumb 

231 

520 

14. M. S. 

R. sth finger 

600 

0 

0 

S/s/48 

L. 4th toe 

20S 

1390 

3/28/49 

R. big toe 

600 

1285 

6. B. C. 

L. thumb 

562 

770 

15. D. A. 

L. thumb 

450 

T.H.* 

6/2/48 

L. 5 th toe 

594 

1390 

4/7/49 

L. big toe 

450 

T.H. 

7. R. M. 

L. 2nd finger 

45 ° 

3750 

16. D.A. 

R. 2nd finger 

450 

T.H. 

6/9/48 




4/21/49 

R. 2nd toe 

45 ° 

T.H. 

8. A. S. 

L. 2nd toe 

45 ° 

375 ° 

17. L. G. 

L. thumb 

500 

T.H. 

6/18/48 




S/26/49 

L. big toe 

957 

T.H. 

9. /. B. 

L. 2nd finger 

900 

4500 

18. W. H. 

R. thumb 

500 

9000 

10/25/48 

L. 2nd toe 

450 

6420 

6/13/49 

R. 2nd toe 

45 ° 

1800 


* The areas listed in this table were chosen as the most characteristic respones to Dibenamine. 
’ T.H. = too high values, that could not be read by the dermometer used (maximum volt- 
age = 22.5). 


II. Locally-Induced Sweating With Adrenergic Drugs 

Epinephrine. Dilutions of epinephrine hydrochloride in physiological sa- 
line ranging from io~® to io~i were injected intradermally. The dose used 
varied from o.i cc. (0.17) to 0.3 cc. (0.37). The effects of epinephrine were 
studied in 37 subjects. The sweating response to epinephrine varied in intensity 
in the same subject according both to the concentration of the drug and the 
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area tested, and occasMy in the same subject on diSerent days. Of to „ 
subjects, 84 per cent mamfested local sweating. A total of 122 tests were made' 
of which 81 per cent were positive. In the positive group of 31 subjects 106 
tests were made, of which 93 per cent were positive, ’ 

When sweating was induced by epinephrine, it appeared on the first print 
. taken, i.e. within 3 minutes of the injection (fig. 2). The duration of the re- 
sponse ranged from 3 to 15 minutes with an average of 6 minutes. Sweating 
occurred in the area of vasoconstriction (pale skin). When the sweat response 
was marked, the sweating pattern usuaUy foUowed the lymphatic spread. 

Nor-epinephrine. Nor-epinephrine was used in the same dilutions as epi- 
nephrine (io“® to 10-^). The amounts injected ranged from o.i cc. (0,17) to 
0,3 cc, (0.37). Sweating response to nor-epinephrine showed a somewhat wider 
range of variation than was noted with epinephrine. A total of 65 tests were 
made in 27 subjects. Of these, 74 per cent exhibited positive results. In the 
positive group (46 tests), the ability of nor-epinephrine to induce sweating 
varied with the concentration, the area tested and different days. Thus, 74 
per cent were positive. Onset and duration of the response were identical to 
that of epinephrine. Sweating induced by nor-epinephrine, as a rule, closely 
paralleled the responses to epinephrine. In no instance did the former induce 
sweating when the latter elicited no response. The number of activated sweat 
glands and the amount of sweating following nor-epinephrine injection were 
both less remarkable than with epinephrine. 

Isuprel. Of the 28 subjects tested with Isuprel (dilutions lo"® to 
61 per cent showed no response, 32 per cent showed a delayed (3-6 minutes 
after i.d. injection) and usually faint response, and only 7 per cent showed a 
rapid positive response. Of the total of 82 tests made, 71 per cent were nega- 
tive, 25 per cent were delayed positive and only 4 per cent were positive. 
Isuprel-induced sweating did not last over 3 to 6 minutes, and its intensity 
appeared less than with the 2 preceding adrenergic agents. 

Epinephrine and acetylcholine or Mecholyl. Sixty tests with Mecholyl and 
18 with acetylcholine were made. All showed a positive response. Sweating 
due to Mecholyl was intense (fig. 2) and its duration ranged from 20 to 60 
minutes. Sweating induced by acetylcholine was less intense and its duration 
ged from 12 to 20 minutes. 

Intradermal injection of both epinephrine and acetylcholine or Mecholy 
into the same point was performed in 42 instances. Concomitantly indiyi ua 
epinephrine, Mecholyl or acetylcholine injections were performed in adjacen 
areas. Analysis of the sweating patterns thus induced by the combined in- 
jections, indicates that in the first 3 minutes the intensity of the ^ 

rule, appeared to be equal to the sum of the individual epinephrine an 
lyl ot acetylcholine responses. In the =“bsequent^ print jjn^ most 


response ai 


.ppeared more intense. Its duration paralleled that of the me 
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cholinergic agent used. In no instance was there even a partial inhibition of 
sweating as a result of the combined epinephrine-acetylcholine or Mecholyl 
injection. 

III. Effects of Dihenaminc and Sympathectomy on Adrenergic-Induced- 

Sweating 

Four subjects who had previously shown marked sweating response to 
intradermal epinephrine were selected for the study of the effect of Dibena- 
mine on the adrenergic-induced sweating. Six tests with epinephrine were per- 
formed, 4 on the volar surface of the forearm and 2 on the palmar surface of 
the fingers preceding and following Dibenamine infusion. In aU instances con- 
trol tests with physiologic saline and Mecholyl were also done. One to three 
hours following the administration of Dibenamine, the sudomotor effect of 
epinephrine was completely abolished, while the response to Mecholyl re- 
mained unaffected (fig. 2). In one of these 4 subjects, after Dibenamine, intra- 
dermal injection of o.i cc. of atropine sulfate 10“', abohshed the response to 
Mecholyl also. 

Four subjects who had a lumbar sympathectomy (lj to L4) for peripheral 
vascular disease were tested for pharmacologic-induced sweating. These tests 
were performed 4 weeks, 4 months, 5 months, and 4 years after the operation, 
respectively. The skin areas used were the ball of the foot and the lower half 
of the leg. The areas to be tested were carefully checked for completeness of 
denervation with the dermometer and by comparison with a synunetrical 
area of the other extremity. No response was obtained either with epinephrine 
or with Mecholyl and acetylcholine in the denervated areas. 

DISCUSSION 

From the foregoing data it appears that in man sweating can be inhibited 
by an adrenergic blocking agent and conversely that localized sweating can be 
elicited by adrenergic agents. These results raise the problem of the presence 
of an adrenergic component in the nervous mechanism of sweating in man. 

The known fact that the sweat glands, although under the control of the 
sympathetic nervous system, respond to parasympathetic drugs, has long been 
a puzzle. Dale and Feldberg (5) have shown in the cat that the fibers governing 
these glands were cholinergic. From these observations, it was assmned by 
inference that the sympathetic fibers supplying the sweat glands in man were 
also strictly chohnergic. In support of this interpretation was the fact that in 
man parasympathetic drugs alone were known to promote or suppress sweat 
secretion. The data reported in this paper are at variance with the concept of 
the exclusive cholinergic innervation of the sweat glands in man. 

The inhibition of spontaneous sweating induced by Dibenamine appears 
to be an adrenergic blocking phenomenon. AU the evidence points towards a 
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high degree of specificity of Dibenamine. Indeed, it has been shown bothin 
anmals (6, 7) and in man (3), that Dibenamine inhibits the pressor effect 
foUowing stimulation of adrenergic fibers, and that of epinephrine. Umas 
has shown, m the cat, that Dibenamine completely abolishes the salivary secre- 
tion elicited by sympathetic stimulation, while the secretory response to chordal 
(cholinergic) stimulation was not abolished. As reported previously (i), myosis 
in man caused by the administration of Dibenamine is not reversible by epi- 
nephrine or paredrine while it is by atropine. These facts show that Dibena- 
mine is a specific adrenolytic and sympatholytic drug. It can therefore be 
assumed that the suppression of spontaneous sweating by Dibenamine is truly 
an adrenergic blocking effect. Production of sweating by Mecholyl or acetyl- 
choline and lack of sudomotor effect of epinephrine after Dibenamine, repre- 
sent further evidence of the latter’s specificity. It shows that the cholinergic 
component remains unaffected by Dibenamine whereas only the adrenergic 
is abolished. 


The increased E.S.R. induced by Dibenamine is another indication that 
sweat secretion in man is inhibited by an adrenergic blocking agent. Although 
the individual E.S.R. response to Dibenamine varied, the average increase of 
3255 K calculated on the basis of 15 experiments is very significant. In addi- 
tion, in 3 experiments in 2 subjects the post-infusion E.S.R. values were too 
high to be read with the dermometer (higher than 22,500 K). The above results 
obtained with a quantitative procedure closely parallel those recorded with 
the colorimetric method. 

The site of the anhidrotic action of Dibenamine appears to be peripheral. 
Evidence for this is furnished by two sets of experiments: i) blockade of the 
cutaneous action of epinephrine, both in man (9) and animals (10), by Dibena- 
mine introduced by ion transfer into the skin, and z) abolition of epinephrine- 
induced sweating in subjects who received Dibenamine systemically, as re- 


ported in the present investigation. 

The production of sweat by s)mipathomimetic drugs is a controversial 
matter. While in certain animals (horse, sheep) epinephrine induces marked 
sweating (11-14), in man it is known to fail to do so. However, Freund (15) 
introducing adrenaline by iontophoresis into the skin, found in certain cases, 
that the treated areas of the skin exhibited more profuse sweating than the 
adjacent areas while in the hot-air chamber. In addition, given systeraica y, 
ephe^rine (16), benzedrine (17) and Neo-Synephrine (i) mav induce sweating 

in mail.' . ^ r p.f 

Although these observations may appear suggestive, the proot 
action on the sweat glands by these sympathomimetic agents is lacking. 'U- 
thermore, the mechanism of the systemic effects of these agents is comp ; 
and the sudomotor effects observed may be due to compensator ^ 

phenomena. Because of these difficulties, systemic admmistrati 



March 1950 ADRENERGIC SWEATING IN MAN 519 

suitable method to demonstrate sudomotor effects of sympathomimetic agents. 
Indeed, at the earty phase of the present investigation, epinephrine and Neo- 
Synephrine used by intravenous infusions, yielded irregular responses. This 
method was therefore abandoned, and instead direct action of adrenergic 
agents was then investigated by intradermal injections, a method used for 
the study of local cholinergic sweating (18-20). While this manuscript was in 
preparation, Kissin (21) and Sonnenschein (9) published reports on local sweat- 
ing in man induced by subcutaneous and intradermal injection of epinephrine. 

From the results obtained with this method it appears that, unlike cho- 
linergic sweating, epinephrine-induced sweating is not universal. While 84 per 
cent of the subjects gave a positive response, 16 per cent failed to do so. Con- 
centration of epinephrine, certain areas of the skin, and individual variations 
may possibly account for the occasional absence of adrenergic sweating. More 
information on this point is desirable. It is interesting to note that contrary 
to the common belief vasoconstriction (pale skin) induced by epinephrine is 
not incompatible with the secretory activity of the sweat glands. Judging 
from the smaller number and finer size of the dots obtained by the colori- 
metric test, it appears that adrenergic sweating is less intense than that ob- 
tained with acetylcholine and especially Mecholyl. The duration of its effect 
is shorter than that of the cholinergic sweating. 

In view of the known inability of Dibenamine to block inhibitory adren- 
ergic systems, it appeared of interest to learn: i) which sympathin was in- 
volved in the inhibition of sweating by this drug, and 2) in the epinephrine- 
induced sweating which component of the latter was responsible for the 
adrenergic sweating. Nor-epinephrine and Isuprel were used individually to 
that effect, since, according to the available evidence, nor-epinephrine pos- 
sesses the physiologic properties of sympathin E (22-24), while Isuprel ex- 
hibits those of sympathin I (25). 

As shown above, nor-epinephrine induced sudomotor effects in most sub- 
jects (74%) who exhibited epinephrine sweating while Isuprel failed to do so 
in the majority of the cases (71%). These data seem to suggest that sympathin 
E or the excitatory component of epinephrine are responsible for the sudomotor - 
ability of the adrenergic systems. 

The fact that 25 per cent of the tests with Isuprel showed delayed positive 
response may be difficult to reconcile with the above interpretation, but it is 
possible to assume tentatively that hydrolysis of Isuprel in the skin 5delds 
nor-epinephrine which is ultimately responsible for the sudomotor effect. 

The results obtained with simultaneous injection of epinephrine and 
acetylcholine or Mecholyl into the same point indicate that these agents 
exhibit a synergistic sudomotor action. These data show that the secretory 
activity of the sweat glands, as in the case of the salivary glands, is augmented 
both by cholinergic and adrenergic stimulation. 
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The problem of a qualitative difference of the two types of sweaffncr ^ 
not investigated However, that such a diflerence n.ightS is 
Ae ^own fact that sweat m anxiety is thick and sticky in contradistinction 
to the watery character of sweat which is caused by heat. The only common 
factor noted in this work between adrenergic sweating and sweat in anxiety is 
that both occur in a skin with a poor blood supply. 

Failure of sweat response to epinephrine and Mecholyl or acetylcholine 
m sympathectomized areas is a finding difficult to explain. Evidence has been 
presented for the direct action of cholinergic agents on the sweat glands. The 
fact that neither cholinergic nor adrenergic sweating could be evoked in the 
denervated areas suggests a different mode of action or possibly early degenera- 
tive changes of the sweat glands after sympathectomy. 


SUMMARY 


Spontaneous sweating in man was found to be blocked by Dibenamine, 
an adrenergic blocking agent. The anhidrotic effect of this drug was determined 
both by a colorimetric method and by the electrical skin resistance. Produc- 
tion of sweat by adrenergic drugs was studied by intravenous and intradermal 
injections. Systemic administration was not a suitable method to demonstrate 
sudomotor effects of sympathomimetic drugs. Intradermal epinephrine pro- 
duced sweating in 84 per cent of the subjects. Its sudomotor effect was in- 
hibited by Dibenamine in all cases. 

Tests performed with nor-epinephrine and Isuprel suggest that sympathin 
E and the excitatory component of epinephrine are responsible for the sudo- 
motor ability of the adrenergic systems. Results obtained with intradermal 
injection of both epinephrine and acetylcholine or Mecholyl into the same 
point indicate that the secretory activity of the sweat glands is augmented 
both by cholinergic and adrenergic stimulation. These agents exert therefore a 
synergistic sudomotor action. 

Since sweating in man can be elicited by adrenergic agents and inhibited 
by an adrenergic blocking agent, it is concluded that, in addition to the known 
cholinergic fibers supplying the sweat glands, there is also an adrenergic com- 
ponent in the nervous mechanism of sweating in man. 


The author wishes to express thanks to Dr. Louis Leiter, Chief of the Medical Division, 
for permission to use patients from his service for this investigation, and to Dr. amuc 
Silbert, Chief of the Peripheral Vascular Service, for having encouraged this researcu. 
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Detertnination of Renal Clearance 
of Radioiodine 
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A 

A PART of a continuing program of observation concerned with the 
metabolism of radioiodine, ive have used the equational relationships developed, 
to calculate quantities related to renal function. The general principles em- 
ployed have been used by others for chemically analyzed substances uti- 
lized in clinical tests (1—3)- We have made specific use of the observations ob- 
tainable with radioactive iodine, in conditions where not ah of the substance 
was being excreted in the urine (unusual for clearance calculations), have ad- 
vanced a method for using the curve of urine content as well as the curve of 
blood concentration, and have compared the results obtained by using these 
methods with a more usual method for estimating clearance. 


DIRECT CALCULATION OF CLEARANCE 


The methods used for determination of amounts of radioactive iodine in 
the blood and urine have been previously described (4). Clearance, calculated 
directly, is obtained by observing the rate of excretion into the urine during a 
period of time, and dividing this quantity by the blood concentration during 
that period. 


Pih h) 


where V2 and Ui are the total quantities of radioiodine (I ”0 that have been 
excreted into the urine up to times /a and h respectively, and P is the concen- 
tration of in the blood plasma in the period tz — k- 

Since, in the present situation, the concentration of radioiodine in the 
blood is changing, we must use for P the mean concentration P. As will be 
shown later, in the period of observation the blood concentration « decreas- 
ing exponentially, and under these circumstances, the mean value P for e 
period from k to h is given by 


In Pi - In Pz 
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where Pi and P2 are the concentrations at h and h respectively and In Pi and 
In Pi are their natural logarithms. In practice, the observed concentration 
at the midpoint between h and /a is a sufficiently good approximation of P. 

DETERMINATION OF CLEARANCE FROM THE PARAMETERS OF THE FITTED CURVES 

The relations of the quantities concerned here, and their changes with 
time during the course of observation, can be expressed with close approxima- 
tion according to a simplified model as follows: 

Consider the hypothetical case, in which the ingested is immediately 
absorbed and thoroughly mixed in a ‘compartment’ of extracellular fluid, and 
that the concentration in the plasma, P, represents the concentration throughout 
the compartment.^ Assume that, for a period afterward, the passes from 
the plasma through the kidneys to the bladder, and to the thyroid, and to other 
organs and tissues, and that the return from these to the plasma, as well as 
other interchanges of I’’’, is small in amount, and may be neglected. Assume 
that the quantity transferred from the plasma to any particular tissue, in a 
short time, is proportional to the quantity in the plasma. Represent the amount 
of I’” in the urine as U, the amount in the thyroid as T, the amount in any 
other tissue as 0 , the amount in the plasma as 7 . 

dU = r„ I di (i) 

dT = fr I dt (2) 

dO — To I di (j) 

The amount leaving the plasma will be the sum of the amounts transferred 
dl = - {dU + dT -PdO) ^ -r I dt {4) 

where to, Tt, ro are characteristic proportionality constants, and r = Tt 

+ To. 

Integrating (4) we have; I = Iq e~'‘ (5) 

Dividing by V the plasma volume, 

P = Po (d) 

Integrating (i) with substitution of (5) for 7 , we have 

u = r*) ( 7 ) 

where the previously mentioned symbols are as defined, P = I/Vp is the con- 
centration in the plasma, and Po are the values for i = o, U/ is the final 

P« 

asymptotic amount of U, and is equal to ~7o. 


’ We are employing the terminology of reference 3. 
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By definition, clearance is the absolute rate nf rhpnao 
urine, divided by. the blood concentraton ® 

Cl = ^ = Ei 

dtp Po (<?) 

If as is the fact; absorption and thorough mixing do not take place im- 
mediately, but require a time, say h, then essentiaUy the relations (?) (6) 
and (y) will hold after h. Represent the values of P, U at time k, under the 
lypothetical conditions of instantaneous absorption, as Pi, Ih; and under 
^ e delayed conditions, as Fi,Ui. The relations under the modified conditions 
in the period following kt will then be given by 

I = he ■ 

{6a) 


P f “‘ft 

0 e 


U = U' (i - e-^‘) + 


(/a) 


where 


/o' = /c 


^1 

Pi’ 

Pi' 


P 


Uo' = Ui' - Ui 


According to {6a), if absorption of I*®! into the plasma, and its transmission 
from the plasma, during the interval to k, are such that at k the value of P is 
Pi, rather than Pi (which it would have been with instantaneous mixing), then 
the blood curve after k is a decreasing exponential function, which, extra- 
polated back tot — o, crosses the P axis at a value Po, and this bears the same 
ratio to Po (the value for instantaneous mixture), as Pi does to Pi. The urine 
curve (ya) U will be an increasing exponential function after k, which, extra- 
polated back to t = o, crosses the TJ axis at Cfo instead of at zero (which is the 
value for instantaneous mixing). The value of C/’o will depend on what was the 
value of V at k, that is, on U'l, This, in turn, will depend on the average blood 
concentration during the period up to k- If the average blood concentration, 
during that interval, was the same, in the delayed conditions, as the average 
for the situation with immediate absorption, then the amount of which 
has passed into the urine during the interval, will also have been the same, 
U[ = t/i and C/o = o. On the basis of independent observations, and also from 
study of relation {ya) with the observations of this investigation, to be e 
scribed later, we have concluded that this is substantially the case, and we 
therefore have taken t/o as equal to zero. We have, then 

u = u; (I - 0 -') 


(7^) 
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where 



This ( 76 ) means that the urine curve U, after h, is an increasing exponential 
function, rising toward an asymptote, Uf, which bears the same ratio to C// 
(the as 3 Tnptotic value of U for instantaneous mixture) as Pi does to Pi. From 
{8), {6a) and (yh) we have for clearance 


Cl 



{8a) 


It is seen, then, that the fact that there has not been instantaneous mixing does 
not invalidate using the observations after mixing has occurred, and extra- 
polating, though the extrapolation gives Po instead of Po, and Uf instead of 
Uf. It is relation {So) from which clearance is estimated. 

The quantities r, Uf and P^ required for the evaluation of {8a) can be 
estimated in different ways. The most technically ‘correct’ method is to 
fit {6a) and ( 76 ) simultaneously, by least squares. This requires an elaborate 
and rather difficult calculation. The values Po and r can be estimated from the 
blood curve of P, and independently the values of 17/ and r can be determined 
from the mine curve of U. Since r is the same for {6d) and (yh), this will raise a 
problem of reconciling the two independent estimates of r (though these will 
generally be quite close). Because we consider the evaluation of r from the blood 
curve to be the best, and for reasons of comparative ease of calculation the 
following method has been adopted. 

It is to be noted that {6a) and (yh) — ^giving respectively, the concentration 
in the blood, and the amount of iodide in the urine, at time t — are exponential 
functions, the first decreasing to zero and the second increasing toward an 
asymptotic value Uf, but both having the same exponential rate constant r. 

From {6d) we have log P = log Po — (r log e) t ( 9 ) 


By plotting log P against t (or P against t on semilog paper) a straight line 
relation should be obtained; from the slope, r can be evaluated, and from the 
intercept at i = o, Po can be evaluated. 

With r thus determined, we proceed to the estimation of 17/ as follows: 
It is to be noted that equation ( 76 ), giving the exponential curve of increasing 
values of U in the urine, contains r, which has just been determined. If, using 
this value of r, we calculate the quantity i — e for each observation,^ and 


’ A taWe of the values of the quantity for values of ri has been prepared and deposited 
with American Documentation Institute. For detailed material supplementary to this article order 
Document 2757 from American Documentation Institute, 1719 N Street, N. VV., Washington 6, D. C., 
remitting $0.50 for microfilm (images i inch high on standard 35 mm. motion picture film) or $0.50 
for photocopies (6x8 inches) readable without optical aid. Copies of the table, while the supply 
lasts, may also be obtained by writing to Dr. Joseph Berkson, Mayo Clinic, Rochester, Minnesota. 



Table i. Calculation or eenal cleabance 



b 

Fig. I. a ) log P is plotted against /. f ^S^inst t on ^^ffby eye 

be value of Pi is obtained as the iptfcept half-hour, but a graphic fi by ey _ 

was fitted by least squares, omitting obttrv aetermined by la, the , 

4c StXg P against < is genem% satisIactory.» With 

rmula (Sa). g 
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plot this against U, then according to (76), a straight line passing through the 
origin should result, with slope U /. Such a plot, therefore, can test whether the 
model used is reasonably valid, and at the same time serve to evaluate Uf 
from the slope of the line. With Vf thus determined, and r and Po having been 
obtained from the plot of (p), clearance is estimated by formula ( 5 a). An ex- 
ample of the calculations is given in table i andfigme i. Infigiure 2 are shown 




Fig. 2. Blood curve ifipper') and urine curve ^imver), the parameters of which were deter- 
mined by the method given in the text. The circles are the observations; note the excellent agree- 
ment and the fact that the exponential rate constant of the blood curve applies also to the urine 
curve, even though only a fraction (r„/r) of the blood content is being delivered to the urine. 

the blood ciu-ve and the urine curve which are defined by the evaluated param- 
eters, together with the actual observations. 

It was found that, generally, in the period between one hour and ten hours 
after administration of the radioiodine, the observations plotted for (p), the 
log plasma concentration curve, show substantially linear form, in conformity 
with the model. Frequently, in the first hour, the observed points do not fall 
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on the same line as the points which foUow, indicatmg incomplete absomfinn 
and mmng m the blood, and after about ten hours, return of the radioS 
to the blood from the tissues, and excretion of this into the urine are of suf- 
ficient magnitude to disturb these linear relations substantially. Hence in the 
studies reported here, we limited ourselves to observations in the period be- 
tween one and ten hours after administration of the radioiodine. In some cases 
—for example, with hyperthyroidism— the time during which the relations 
hold substantially may be even more limited. 

Calculations of the clearance by the parametric method as outlined were 
made for 40 patients, including euthyroid, hyperthyroid and hypothyroid 
cases. For each of these the clearance also was calculated directly from the 
observations at two points of time, by dividing the difference of U at these 
points by the elapsed time, to determine the rate of excretion into the urine 


TaBXE 2. COMPAEION OF CiEARANCE CAICVIATED BY TWO METHODS 


CASE 

1 

(XEAHAKCE 

1 

CASE 

1 

CIEAEAKCE 

CASE 

ci:eaeance 

CASE 

CLEARANCE 

Para- 

metric 

Direct 

1 

Para- 

metric 

Direct 

1 

Para- 

metric 

Direct 

Para- 

metric 

Diitct 

I 

< 

19.4 

22.0 

1 

II 

22.9 

24.5 

21 

31.8 

27.0 

31 

37-9 

40-3 

2 

12. 1 

12.8 

12 

23-1 

23.8 

22 

32.2 

34.8 

32 

38.6 

35-2 

3 


13-3 


23.8 

17.2 

^3 

33-7 

30-5 

33 

38-7 

39-2 

4 

15-7 

16.7 

r 4 

24.9 

26.0 

24 

33-9 

37-0 

34 

39.6 

40-3 

5 

17.4 

20.7 

15 

25.6 

2 S-S 

25 

34-3 

37-8 

35 

40.7 

36.8 

6 

18.6 

20.3 

16 

26.5 

26.7 

26 

34-4 

35-0 

3<5 

41.2 

42-3 

7 

20.8 

21-5 

17 

27. 1 

25-5 

27 

34-8 

CO 

37 

42.9 

38-3 

8 

21.9 

23.2 

18 

28.9 

29-3 

28 

36.7 

29-5 

38 

48.7 

50.0 

9 

22.4 

27.7 

19 1 

29.8 

38.5 

29 

37-3 

38-3 

39 

Si -9 

49.2 

JO 

22.4 

41.8 

20 1 

30.9 

31-3 

30 

37-4 

46-5 

40 

SS-6 

58.3 






1 

Mean 

30-7 



during this period, and dividing this rate by the blood concentration observed 
at the middle of the time interval. The comparison of the values of clearance 
as estimated by the two methods, for these cases, is shown in table 2. It is 
seen that the agreement is usually, but not always, close. This gives support 
to the general soundness of the model used. Thus the complicated dynamics 0 
the metabolism of radioiodine can, at least under some circumstances, be 
formulated in a simple mathematical model that is well supported by the 0 
servations. As regards calculations, since the parametric determinations em 
brace a series of observations which have been graduated, while the a wc 
procedure uses only a portion of these, the parametric determinations are 0 
be considered better than the direct determinations. One sees in the mws ig - 
tive studies on radioactive isotopes situations in which many 
available but are not systematically utilixed, and for these the me 0 p 
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vided here will perhaps be found useful. Moreover while executing the graphic 
determinations one has the opportunity, at the same time, to judge whether 
the process conforms to a basic pattern, departures from which may in them- 
selves be significant. 
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I 

JLn previous studies (i, 2) it was shown that of various skin thermometers 
now in use, the radiometric type of instrument gave the most dependable read- 
ings (± o.i°C.) under various test conditions. In the more recent study (2) 
a heated cylindrical leather surface 12 inches x 12 inches in area was employed 
as the standard surface of known temperature against which the skin ther- 
mometers were tested. The experimental conditions in the tests included forced 
convection as well as infrared and visible radiation directed onto the surface. 

Living skin has greater elasticity and is more easily deformed than the 
leather surface. Also, skin, with its vascular bed, presents an entirely different 
thermal situation from the uniform thermal gradient in an inert leather mass. 
It is not safe, therefore, to assume that the performance of instnunents which 
depend upon contact with the surface for their temperature readings would 
be the same on skin as on the leather surface. After having established the 
dependability of the radiometer as regards measurement of surface tempera- 
ture, the possibility was provided of studying the other types of surface ther- 
mometers on skin by comparison with the radiometer. 

Of the skin thermometers previously studied, the bare wire thermocouples 
most nearly approached the accuracy of the radiometer when tested against 
the leather surface. For this reason and because these instruments are in gen- 
eral use for measuring skin temperature, they were selected for study in com- 
parison with the radiometer on the normal skin. Pennes (3) has reported re- 
cently a study of this nature in which he finds agreement within ± o.2°C. 
between the radiometer and thermocouple readings on the arm. To avoid the 
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«culty of comparing the radiometer, which measures an average tmnea,. 
ure mthm a arde 4 cm, in diameter with the single point read by the thermo, 
couple, rennes measured several points ivithin this area on the arm. 

In the present study the following questions were investigated; i) Does 
the contact pressure afifect the skin temperature in the region of the thermo- 
couple? 2) Does the thermocouple faithfully follow local skin temperatur^ 
changes during irradiation of the skin by infrared radiation? 3) Under various 
laboratory conditions how do the radiometer and the thermocouples compare 
as regards the measurement of average temperature of the body surface? 


EFFECT OF THERMOCOUPLE CONTACT PRESSURE UPON LOCAL 
SKIN TEMPERATURE 


The no. 28 and no. 40 gauge bare junction thermocouples were selected 
for this study. The first method employed to vary the contact pressure was 
to hang the thermocouple over the forearm as shown in figure i. The lead wires 
were taped to one side of the forearm and a weight of 10 gm. was attached to 



a supporting wire which hung down from the thermojunc- 
tion on the opposite side of the forearm. The thermocouple 
and radiometer readings were taken at the time of imposi- 
tion of this weight, and at 2-minute intervals thereafter. 
The radiometer was held directly over the thermocouple 
junction in taking readings with this instrument. By attach- 
ing additional weights up to 150 gm., the pressure of the 
thermocouple on the skin was increased from time to time 
during the course of each experiment while the temperature 
readings were continued. In some experiments 2 thermo- 
couples were placed on the skin about one cm. from each 
other within the area observed by the radiometer. In these 
experiments a constant weight was maintained on one of 
the thermocouples while the weights were increased on the 
other thermocouple. The readings of the thermocouples and 
the radiometer were taken at 2- or 3-minute intervals as 


Fig. I. Weighted , , 

THEEMOCOHPEE UClUiC. , , , , • U4 AJA nnt 

METHOD for con- The pressure produced by the lo-gm. weight clia n 
trolled contact creasing of the skin; however, neither did it result m 

^ stable temperature readings. On imposition of this weight 

the temperature rose and continued to rise thereafter. The effect becam 
more pronounced as the weights were increased. Figure 2 shows typica curv^ 
for temperature rise on weighting of the no. 28 and no. 40 gauge erm 
couples compared with the radiometer reading of the 
area enclosing the thermocouples. Curve l represents the no. 
couple readings. Curve 2 shows temperature rise on increased weighting 
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the no. 28 gauge thermocouple -while a -weight of 10 gm. -was maintained on a 
no. 40 gauge thermocouple separated from the no. 28 gauge thermocouple by 
about one cm., both enclosed in the area observed by the radiometer. Curve 3 
shows the effect of increased weighting of the no. 40 gauge thermocouple while 
a weight of 10 gm. was maintained on the no. 28 gauge thermocouple which 


Om 

C lOGM 



was separated from the other by about one cm., both being enclosed in the 
area measured by the radiometer. In all of these curves it is seen that the 
temperature rose continuously from zero time, when the lo-gm. weight was 
imposed, and increased -with each increase in weight, dropping only on removal 
of the weight. In curve 3, although the weight was increased only on the no. 
40 gauge thermocouple the temperature of the surrounding area was markedly 
affected as shown by the reading of the no. 28 gauge thermocouple and the 
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radiometer. The no-gm. weight on this fine wire caused • 

the skin and inflammation which spread to about 3 mm. on either sidriui!^ 
wire. It was obvious that this system interfered seriously with the blood suonl^ 
to the region ™der observation, and induced a locai hiere Ja d“ ” 

Since m the above described method the force was exerted over a rell; 
ively large area (^a. 81 mm.^), a new method was employed whereby the con- 
tact area was reduced to about one-tenth of this size. The device emploved 
(fig. 3) also provided a means of more accurately determining the effective 
pressure. It consisted of a lucite lever suspended over a pivot bar, and bent at 
angles such that weights, hung down perpendicularly from one arm resulted 
m a measurable force exerted in a horizontal direction by the opposing arm. 



Fig. 3. Lever device for application of 
thetmocoupk with controlled contact pies- 
sure. 


This latter arm was notched out to a depth of about 13/8 inches. Over it was 
aflaxed a lucite frame to which the thermocouple was firmly attached by sink- 
ing it into the lucite with a heated spatula. A spring fixed between the lever 
and the frame spread the arms and thus drew the thermocouple taut so that 
it resembled in principle the fine wire thermocouple described by Hentiques 
(4). The frame was counterbalanced and the ratio of the lever load to the force 
exerted by the thermocouple was determined by calibration of the apparatus 
against a spring gauge. The area covered by the thermocouple was about 9 


mm 


For determining the efiect of contact pressure with this apparato, the 
unloaded lever was suspended above the head of the subject so that t ^ \ ® 
moconple just touched the subject’s forehead, zero pressure. , 

weights were then loaded on the lever so that a known pressure 
by the thermocouple on the forehead. Thermocouple readings ^ , 

frequent intervals from the time of contact, through t e perio 0 
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contact pressures and for about 10 minutes after a return to minimal contact 
pressure. 

With this apparatus it was found that on the forehead a contact force of 
20 gm. (equivalent to 165 mm. Hg) was found necessary to obtain a constant 
temperature reading. This amount 
of pressure caused a rise in tempera- 
ture of approximately 2°C. over the 
average temperature under minimal 
pressure. These findings are in i*.o 
agreement with those of a pre^^ous 
investigation by Remizov using a 
spring plunger device of his own 
design (5). 

Figure 4 shows a tj'pical curve si-o 
of the temperature effect ehcited by 
pressures applied by the lever sys- 
tem. When the thermocouple was 
just touching the forehead (‘zero’ Fig. 4- Temperature effect of increased 
contact pressure) the readings pressure. 

varied about ±o.s°C. On imposition of weights sufficient to produce a contact 
pressure of 10 gm/9 mm.'* (about i.i gm/mm.“) the temperature rose sharply 
about i.s°C. Thereafter it fell slowly, fluctuating about ±o.i‘’C. as it dropped. 
On increasing the contact pressure to 20 gm/9 mm.** (about 2.2 gm/mm.*) the 
temperature rose immediately to a level where it was maintained constant 
within ±o.o4°C. On removal of the pressure the temperature immediately 
dropped a full degree Centigrade and thereafter resumed the fluctuations 
under zero pressure observed previously. The skin was creased from the pres- 
sure of the thermojunction and inflammation marked the site of contact after 
removal of the thermocouple. No spread of inflammation to the surroimding 
area was observed. 

Comment 

These observations indicated that i) minimal pressure of the thermocouple 
on the skin resulted in variable readings of skin temperature; 2) contact pres- 
sures intermediate between o and about 2.2 gm/mm.^ resulted in progressively 
greater skin temperature elevations; 3) contact pressure of about 2.2 gm/mm.- 
resulted in a constant temperature reading at a level approximately 2°C. higher 
than that observed imder minimal contact pressure. Thus, although it was pos- 
sible to obtain a constant temperature reading with this system, the required 
contact pressure exceeded not only the capillary pressure but also the diastolic 
and the normal systolic blood pressure as well. Under these conditions total 
constriction of the skin capillaries directly under the thermojunction and con- 
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gestion of the surrounding blood vessels must occur. Ischemia of the skin 
se would result in a lowering of the temperature, but since the skin is com' 
pressed between the thermocouple and the deeper tissues of higher temnera' 
ture, the net result is a temperature reading considerably higher than readinas 
at minimal pressure. Therefore, it may be assumed that the temperature ob- 
served under these conditions represents the temperature at some depth be- 
neath the compressed skin. However, since the temperature attained was con- 
stant, this contact pressure was used in comparing the thermocouple reading 
of skin temperature rise under infrared irradiation with similar measurements 
made with the radiometer. 

EFFECT OF INFRARED IRRADIATION 

About half of the total solar energy at the earth’s surface and practically 
all of the radiation impinging upon man from objects in his environment lie 


Fig. 5. Apparatus por intraiied it- 
RADiATiON. R — radiation source. S = 
shutter. L = weighted lever. A = aperture 
through shield. 


within the wavelength range of one to 20 fi of the infrared. Since this radiation 
is the main medium of exchange of heat between the body and its surroundings 
it is of prime importance physiologically. The non-penetrating infrared is al- 
most completely absorbed within 0.05 mm. of the skin surface (6), and is par- 
ticularly effective in altering skin temperature. To determine the effect of this 
radiation on thermocouple readings, measurements of skin-temperature rise due 
to non-penetrating infrared radiation were made with the thermocouple and 
compared with those made radiometrically under similar conditions. 

The forehead was used for this portion of the study. The apparatus is 
shown in figure 5. It consisted of a screen with an aperture through which the 
subject’s forehead was exposed to the radiation of a hot plate on opening of 
a shutter. The intensity of radiation was increased by moving the hot plate 
closer to the subject. The radiation at any given distance was measured with 
a radiometer. The unloaded thermocouple frame was suspended above the su - 
ject’s head so that the thermocouple just touched the forehead. Weighs s 
cient to produce a force of 20 gm. were then loaded on the lever. When e 
temperature became constant, the shutter was opened and radiation 0 0 

intensity fell upon the forehead. The thermocouple readings were noted at 15- 
second intervals for one minute. The shutter was then closed and reacu g 
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taken for an additional 2 minutes, -which was usually sufficient to permit the 
temperature reading to return to its initial level. 

The elevation of the temperature produced by radiation of various in- 
tensities for periods of 15, 30, 45 and 60 seconds were plotted (fig. 6, part 1) 
and compared with similar data obtained with the radiometer (7) (fig. 6, part 
2, redrawn from the original). Figure 6 represents average values and does not 
indicate the spread of individual readings. The ranges of the thermocouple 
readings were quite wide and in some instances elevations obtained for one 
period of irradiation overlapped those obtained for a longer or shorter period. 
All temperature elevations as measured with the thermocouple appeared to be 

THERMOCOUPLE RADIOMETER 



Fig. 6. Tempeeatote rise during infrared irradiation as measured with thermocouple vs. radi- 
ometer. 


about one third greater than those measured with the radiometer. It -wiU be 
noted that the thermocouple curves do not go through zero on extrapolation 
back to zero intensity, but that they do go through the same point on the base 
line. That this effect was due to the direct radiation to which the thermocouple 
was exposed on opening of the shutter was demonstrated by the foUo-wing ex- 
periment. The thermocouple was suspended in air in the position it would oc- 
cupy when in contact -with the subject’s head. The irradiation procedure was 
repeated and thermocouple readings noted at is-second intervals as in the skin 
irradiation study. It was foimd that the thermocouple reading was markedly 
affected by the direct radiation on opening the shutter. At a radiation intensity 
of 10.4 m.c. per cm.^ per second, the thermocouple registered an immediate 
nse in temperature, which increased to a maximum of about i°C. above the 
initial temperature after 45 seconds exposure. Since the percentage of the read- 
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ing due to this effect when the thermocouple is in contact with the skin 
be calculated, it is impossible to correct for it and the value for temnerar^ 
elevation at zero intensity represents the unavoidable error for this instrum^ 
in situations where thermal equilibrium does not exist. As shown in a previ^°^ 
study on an artificial surface, in thermal equilibrium the error during Lrar! 
irradiation is in the opposite direction (i). ^ 


Comment 

The explanation for the reversal in the direction of the error in the ther- 
mocouple readings taken during temperature elevation from that of those taken 
during thermal equilibrium becomes clearer on consideration of the thermal 
conditions of the two situations. In both instances the thermocouple reading 
is a resultant of the combined effect of direct radiation from the stove and 
the temperature of the surface itself. In both instances the surface in contact 
with tlie thermocouple is shielded from the radiation by the thermocouple at 
the point of contact. However, at equilibrium the surface temperature remains 
constant and the difference in temperature between the surface and the source 
of radiation remains constant. The resultant temperature reading of the ther- 
mocouple is then slightly lower than the true surface temperature and this 
may be attributed to the shading effect of the thermocouple. Where the sur- 
face temperature is being raised by the radiation, the source is now at a rela- 
tively much higher temperature with reference to the surface than it is at 
equilibrium and the difference in temperature between the surface and the 
source is great initially, diminishing as the surface temperature rises. WMe 
the shading effect of the thermocouple is still present, the relatively greater 
radiation from the stove masks this effect and results in a temperature reading 
considerably higher than the true surface temperature. This effect is greatest 
on the initial exposure of the surface and the thermocouple to the radiation 
source and diminishes as the surface temperature approaches that of the radi- 
ation source. 

In figure 6 it may be seen that the slopes of the curves for skin temper- 
ature rise as measured by the thermocouple agree fairly well with those 
as measured by the radiometer, indicating that the rate of change was fo - 
lowed faithfully although the amount of elevation as measured by the thermo 
couple was greater. Since the radiometer is exposed only to the surface an 
not to the radiation source it is unaffected by the direct radiation from 
source to the skin. The difference in temperature elevation of the 
measured by these two instruments may then be attributed to the 
of the thermocouple to the direct radiation from the stove during irra a 

of the skin. 
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MEASUREMENT OF THE AVERAGE TEMPERATURE OF THE BODY SXHIFACE 

The instruments selected for investigation of the measurement of average 

temperature -with thermocouples under ordinary laboratory conditions 
were: i) The no. 28 gauge copper-constantan thermocouple laid upon the skin 
and supported at either side of the junction with adhesive tape, leaving the 
thermojimction bare. 2) The no. 28 gauge copper-constantan thermocouple ap- 
plied to the skin by means of an adhesive tape strip covering the thermojunc- 
tion. 3) The no. 40 gauge copper-constantan thermocouple applied in the same 
manner as (z) above, leaving the thermojunction bare. 4) The no. 40 gauge 
copper-constantan thermocouple glued to the skin with a thin layer of Duco 
cement over the thermojunction and about an inch of the leads. 

The Dermal Radiometer was used for comparison readings. In making 
these measurements, the radiometer was held directly over the thermoj unc- 
tion in the case of the bare wire instruments, and as close as possible to one 
side of the site of the covered junctions. 

The environmental conditions were normal room temperature (25°-30°C.), 
increased temperature sufficient to produce light sweating (34°-36°C.) and de- 
creased temperature sufficient to cause slight shivering wthin about an hour 
(i7.S°;i9°C.). 

Six sites on the exposed body surface were used, one thermocouple being 
applied to each area, the forehead, chest, abdomen, biceps, thigh and instep 
of the foot. In each experiment readings were taken of the temperature of each 
of the 6 sites, first with the thermocouples, then with the radiometer. About 
one minute was required for reading each series of 6 with either instrument. 
The 6 readings taken with each instrument were averaged and the average 
skin temperature obtained with each instrument was computed. The difference 
between the average skin temperature values (thermocouple value — radiom- 
eter value) was then found. Ten series of experiments were nm under each 
of the experimental conditions. The 10 average skin temperature deviations 
were then averaged to obtain the average deviation under each experimental 
condition. Table i shows these average deviations and the range of the devia- 
tions for each instrument under each condition. For comparison analogous data 
obtained with these instnunents on the leather surface have been included in 
the table. In the measurements made on the leather surface, 'normal’ condi- 
tions were the same as those under which the average skin temperatures were 
measured. The ‘hot’ environment was simulated by irradiating the surface with 
mfrared radiation from a hot-plate, and the ‘cold’ environment was produced 
by flowing air against the surface by means of an electric fan. AH readings on 
the leather were made after the system had attained thermal equilibrium (2). 

It will be seen from table i that in every instance save one, the error in 
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measurements taken on the skin is greater than that of those taken on the 
leather surface. The one exception is the no. 28 gauge bare wire readings in 
the hot environment. In this instance the error observed in measurements on 
the sldn is smaller than those on the leather surface by more than 50 per cent. 
This is understandable since the rapid flow of blood in the dilated vessels of 
the warm skin tends to equalise the temperature on the exposed skin surface 
with that under the thermocouple wire. However, on the leather surface the 
thermocouple shades the area hnmediately underneath the wire from the radi- 
ation of the warm surfaces in the environment thus causing a low reading of 

Table i. Average deviation in degrees centigrade of thermocouple and radiometer 

MEASUREMENTS OF AVERAGE SKIN TEMPERATURE UNDER THREE DIFFERENT ENVIRONMENTAL 
CONDITIONS COMPARED WITH ANALOGOUS DATA OBTAINED ON A LEATHER SURFACE OP KNOWN 
TEMPERATURE (DEVIATION = THERMOCOUPLE VALUE — RADIOMETER VALUE) 



NORMAL ENVIRONMENT 

{ 25 ®C.- 30 ‘’C.) 

i HOT ENVIRONitENT 

{ 34 ** C.- 36 ‘’C.) 

COID ENVIROKMEKT 
( 17 T.- 19 T.) 

THEHMOCOUPLE 

Skin j 

1 Leather Surface 

Skin 

Leather Surface 

Skin 

Leather Surface 


Aver- 

age 

Bev, 

Range 

Aver- 

age 

Dev. 

Range 

Avei^ 

age 

Dev. 

Range 

Aver- 

age 

Dev. 

1 

Range 

iAver- 

age 

Dev. 

Range 

Aver- 

age 

Dev. 

1 

Ranse 

1 

1 


°C. 

r. 

°C. 

r. 

B 


“C. 

-c. 

“C. 

“C. 


'C. 

No. 28 gauge 
wire (adhesive 
tape) 

0.7 

— r.2 
+1.6 

0.18 

—0.14 

■4-0.41 

1 

1 

0.18 

i 

— 0.10 

— 0.29 

0,8 

— 1.2 

+I-S 

0.08 

—0.07 

-0.14 

No. 28 gauge 
wire (bare 

0.4 

—0.6 

+O.S 

0,20 

— 0.17 
-|-o, 84 

0,2 

-0.3 

-1-0.6 

0.49 

-0.34 

— 0.60 

0.4 

—0,6 

+0.7 

0.27 

-0.19 

-0.33 

No. 40 gauge 
wire (bare) 

0-5 

— 0.2 

+o. 8 j 

0.12 

1 

— 0.22, 

- 1 - 0.34 

0.4 

-0.7, 

-1-0.6 

0. 12, 

— 0.24, 
+0.05 

0-7 

— 2.1 

+0.4, 

0.28 

1 

-0.17 

-0.39 

No. 40 gauge 
wire (glued) 

0-3 

-0.4 

-bo .4 

0.22 

—0.02 

-{-0.40 

0.2 

0 

+0.6 

0.06 

—0.07 
-1-0. 10 

0.6 

“I.O 

+1.4 

0.26 

-0,2a 

-0.33 


surface temperature. It is also seen that in the hot eriviromnent where the 
skin temperature most nearly approaches that of the environment, the average 
deviation for aU instruments is somewhat less than it is in the other environ- 
ments. 


Comment 

On the whole, average deviations and ranges of error are 
observations on the skin over those in the observations on the 
These increases may be ascribed to the following ad 

i) Variability in temperature between areas measure y g of 

^ I A Ppnnes has reported a maximum difference in temperature ot 
radiometer. A. Rennes nas reporccu a radiometer field 

0.73-C. between points on the skin withm the radius of the radiome 
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(3). This was obtained by moving about on the skin, within the area observed 
by the radiometer, 4 Y-shaped thermocouples applied to the skin under the 
contact pressure produced by 0.58-gm. clamps attached to the tail and active 
wire of the thermocouple. This contact pressure was sufficient to produce a 
slight furrow in the skin. It has been shown by Remizov (5) that as little force 
as one gm. is sufficient to cause a skin temperature rise of o.5°C. Although 
the contact pressure produced by Pennes’ method of application was smedl, 
some local temperature effect was to be expected and would be greatest at the 
point of contact where the temperature was being measured. Furthermore, the 
normal fluctuations of the skin temperature might enhance or diminish this 
effect at any given moment. This method, therefore, could not yield precise 
data on the true temperature of the untouched skin, but does indicate the 
deviation which may be expected between readings made by the two methods. 

B. Another factor contributing to the variability in temperature of ad- 
jacent areas is the rapidly changing temperature gradients in areas such as the 
hands and feet. In these areas the distal portions in the cold environment may 
be markedly cooler than more proximal areas and, therefore, a small differ- 
ence in location of the temperature measurement site might yield a large dif- 
ference between readings by the two methods. 

2) Variability of contact pressure. A. In these experiments an attempt was 
made to maintain good thermal contact with a minimum of pressure on the 
skin in each type of application. Occasional large errors indicated that this at- 
tempt was not always successful. The bare wire thermocouples, and particu- 
larly the no. 40 gauge wire, exhibited a tendency to slip away from the adhesive 
tape supports. Frequent adjustment was required to maintain good contact. 
In the cold environment the tendency for the no. 40 gauge wire to slip was 
mcreased and these delicate Avires were often broken in the attempt to draw 
them taut. 

B. It was difficult to be certain that the junctions which were covered 
with adhesive tape were actually in contact with the skin. The spread of the 
range of error both above and below the previously observed figures with the 
same thermocouples uncovered indicated that this contact was not always op- 
timal. However, interference with local sweating and protection of the skin 
from the environment may also contribute to this effect. 

C. When the thermocouple was glued to the skin good contact was as- 
sured although the effects due to interference with sweating, protection from 
the environment and possible irritation of the skin by the glue could not be 
avoided. 

The no. 28 gauge wire thermocouple gave the best performance on the 
skin although the no. 40 gauge bare wire thermocouples gave the best per- 
formance on the artificial surface. This can be accounted for by failure to ob- 
tam good thermal contact in application of the no. 40 gauge bare wire ther- 
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mocouple to the skin. This was particularly noticeable in the cold where 
difference between the skin temperature and the environmental temperature 
was greatest; the average deviation was o.7°C. with values rangirfl 
2.1 C. to +0.4 C. in this environment. Covering the junction with Duco 
cement improved the contact but in the cold this procedure introduced erroK 
due to protection from the environment as shown by an increase of i°C in 

the upper limit of error while the lower limit of error was reduced by the same 
amount. 

The no. 28 gauge bare wire thermocouple was sturdier, more easUy han- 
dled and had less tendency to slip from the adhesive tape strips than the no. 
40 gauge bare wire thermocouple. Under the conditions of these tests all aver- 
age skin temperature values obtained with this instrument fell within dzo.fC. 
of the radiometric value with average deviations no greater than o.4°C. The 
same thermo junctions when covered with adhesive tape apparently were pro- 
tected from the environment and interfered with sweating and heat loss so that 
the average deviations were twice as great as those observed previously with 
the thermojunctions bare. 

The difficulty of securing good thermal contact with the no. 28 gauge 
wires and the fragility of the no. 40 gauge wires were distinct disadvantages 
which limit the practicality of their use. Furthermore, in using these instru- 
ments it is necessary that the environmental temperature remain fairly stable 
during the test period, that no direct drafts or direct radiation fall upon the 
test areas, and that^ the subject remain quiet since movement alters the con- 
tact of the bare junctions and may cause breakage of the delicate no. 40 gauge 
wires. 

SUMMARY 

The precision of thermocouples as skin thermometers has been studied by 
comparing the thermocouple readings of skin temperature with radiometer 
readings made under identical circumstances. The pressure of the thermocou- 
ple wire against the skin, the environmental conditions, and method of attach- 
ment of the thermocouple wires to the skin were altered to observe the influ- 
ence of these factors on the performance of the thermocouple. 

Pressure of the thermocouple against the skin, sufficient to produce a 
stable temperature reading, increased skin temperature by as much ’ 
Therefore, it was concluded that methods of application requiring apprecia e 
pressure are unsuitable for the measurement of true skin temperature. Dunng 
infrared irradiation of the skin large errors were introduced into the thermo- 
couple reading of skin temperature by the heating of the thermocoup e 1 se 
It was concluded, therefore, that this instrument is unsuitable for the accura 
measurement of skin temperature during irradiation of the site. ^ 

of radiometric and thermocouple measurements of average skin temp 
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under normal, hot and cold environmental conditions indicated that a) the 
no. 28 gauge bare junction thermocouple gave values within ±o.6°C. of the 
radiometer readings under all conditions; b) the no. 28 gauge thermocouple- 
applied to the skin with adhesive tape covering the junction yielded deviations 
which were twice as great as those of the bare wire thermocouple readings; and 
c) the no. 40 gauge bare junction thermocouple was unsatisfactory because of 
its fragility and the difficulty of obtaining good thermal contact. 

It was concluded that of these instruments the no. 28 gauge bare wire 
thermocouple may be used successfully for determination of average skin tem- 
perature of the quiet subject under limited environmental conditions where 
an average accuracy of d=Q.4°C. is sufficient. 

The authors gratefully acknowledge the technical assistance of Mr. J. M. Manring. 

REFERENCES 

1. Hardy, J. D. J. Clin. Investigation 13 : 615, 1934. 

2. Sioii, A. M. AND J. D. Hardy. Rev. Sciettl. Instruments 20: 678, 1949. 

3. Pennes, H. H. j. Applied Physiol, i; 93, 1948. 

4. Henriques, F. C., Jr. Rev. Scient. Instruments 18: 673, 1947. 

5. Reiuzov, N. a. Arch. sci. hiol. {U. S. S. R.) 38; 813, 1935. 

6. Hardy, J. D. and C. Muschenheiu. J. Clin. Investigation 13: 816, 1934. 

7. Hardy, J. D. and T. W. Oppel. Physics. 7: 466, 1936. 



Arterial Blood pH and pCO^ Changes in Response to CO 
hihalatton after 24 Hours of Passive Hyperventilation 

E. B. BROWN, JR., A. HEMINGWAY and M. B. VISSCHER 
Brom ilte Deparlmmt of Physiology, University of Minnesota Uinnt 
apolts, Minnesota 


I 

-Ln a recent communication (i) it was shown that in the normal human 
subject there is an increased respiratory response to CO2 following prolonged 
passive hyperventilation Et normal oxygen tension. In the experiments re- 
ported, data were not available to ascertain the relationships between the 
plasma pCOz and (II+) and the respiratory drive. Since the occurrence of in- 
creased sensitivity to CO2 after prolonged hyperventilation has an important 
bearing on the theoretical analysis of the respiratory control mechanism, it 
seemed important to study the plasma pC02 and (H+) in relation to respira- 
tory minute volume in subjects breathing various CO2 mixtures before and 
after prolonged passive hyperventilation. In particular we wished to ascertain 
whether, and to what degree, the respiratory minute volumes at given plasma 
pC02 and (H+) were changed after such hyperventilation. 

In order to study this problem, respiratory minute volume changes and 
arterial blood pH and bicarbonate changes in response to inhalation of three 
different CO2/O2 mixtures before and after 24 hours of passively imposed hyper- 
ventilation were measured on 2 healthy young men.^ 


EXPERIMENTAL PROCEDURE 

The methods of producing the hyperventilation and of determining re- 
spiratory minute volume, arterial plasma pH and plasma CO2 content have 
been described previously (i). Arterial blood samples were drawn when the 
subject had reached a steady state, as indicated by respiratory minute volume 
determinations while breathing 100 per cent oxygen, 3 per cent CO2 in oxygen, 
5 per cent CO2 in oxygen, and 7 per cent CO2 in oxygen in that order. These 
blood samples were obtained by means of an indwelling needle in the radia 
artery using the technique described by Wood (2). Sodium heparin powder was 
/ used as the anticoagulant. Carbon dioxide tensions were calculated from pn 
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and CO2 content by means of the Henderson-Hasselbalch equation using the 
value 6.1 1 for pK'. 

RESULTS AND DISCUSSION 

Respiratory minute volumes, arterial plasma CO2 content, pn, and pC02 
with the subject at steady state on each of the gas mixtures before and after 


TaBTJEI. VeOTII-ATIO^I KESPO^SSE, PEASMA pn, CO2 CONTENT ANO COj TENSION WITH 


SUBJECTS AT STEADY STATE BREATHING OXYGEN-CO, MIXTURES 


inXTUSX BREATHED 

RESP. um. 
VOLUUE 

PIASUA CO] 

CO.VTE^’T 

PtASUA pB^ 

FLASUA fH*) 

X 10 ® 

ARTERIAL BLOOD 

pCO] 

% 

i. 

Tot. % 






Subject J. R. 





Before Hyperventilation 



100 Oj 

1 8.1 

SS -9 

7-32 

1 47.8 

47-4 

3 COj 

14.4 

1 56.6 

' 7.28 

^ 32.8 

32.4 

s CO, 

26.0 

60.7 

1 7*22 

60.3 

63.6 

7 CO, 

39-3 

63.2 

7-14 

72.4 

78.6 



After Hyperventilation 



100 0, 

12.6 

41.0 

7-38 

41.7 

30-4 

3 CO, 

- 17*2 

47.2 

1 7-32 

47.8 

40.4 

S CO, 

37-6 

49.8 

7-28 

S 2 .S 

43-9 

7 CO, 

S8.S 

SS.8 

7.14 

72.4 

69.4 



Subject R. N. 





Before Hyperventilation 



100 0, 

10. I 

60. s 

7-32 

47. s 

30.8 

3 CO, 

17. 1 

61.8 

7.29 

51-7 

36.2 

5 CO, 

37-9 

63.2 

7.26 

S 4 .S 

60.4 

7 CO, 

64.7 

67.5 

1 7-23 

58.9 

71.9 



After Hyperventilation 



100 0, 

12.8 

50.8 

7.31 

49.6 ' 

44.4 

3 CO, 

23 -b 

52.5 

7 •30 

So.S 

46.7 

S CO, 

60.2 

SS-i 

7.27 

34-3 

S2.S 

7 CO, 

92.3 

59- 1 

7.19 

64.4 

63-9 


* The pH values appear to be low for arterial plasma of normal subj’ects, and the calculated 
carbon dioxide tension therefore correspondingly high. However, since all of the blood pn deter- 
minations were made on the same instrument and against the same buffer solution as a standard, 
it is felt that the relative values are valid although the absolute values may be low due to an in- 
correct value on the standard buffer solution. 


24 hours of hyperventilation are presented in table i. Again it is apparent that 
after passive hyperventilation of this duration, inhalation of a given CO2 mix- 
ture produced a greater respiratory response than before hyperventilation.' 
With the additional data of arterial blood pH and pC02, this change in response 
can be related to each of these variables in the arterial blood. Figure i pre- 
sents the 4 graphs showing these relationships. Hydrogen ion concentrations 
were calculated from pn and are expressed as moles per liter times 10®. Straight 
lines have been fitted to the points by the method of least squares, and the 
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lines have be& extrapolated to the abscissa in order to determine ts. 
pt. i. e. the pCO, or the (H*) at which no stimuli for 
be present. The point for 7 per cent CO, after hyperventilation rth n,6fe, r 
was omitted from the calculation of the slope and position of the Ct 
because it was found that this was a maximum response for this subject. As 
increase m the slope of the response curve when minute volume is plotted 
against pCOa is apparent in each of the subjects. It can also be seen that the 
curves have been displaced to the left and the apnea point lowered. This would 
indicate that a given absolute arterial blood pCO^ is associated with a W 
respiratory minute volume and also that a given increment in pCOj is pro- 
ducing a greater increment in minute volume. In the plot of arterial blood 



Fig. I. Respiratory response to increased arterial blood pCOj and (H'*’) produced by breath- 
iDg CO2 enriched gas mixtures before and after 24 hours of passive hj^perventilation in 2 human 
subjects. 


(H+) against respiratory minute volume, the slope is increased and the curve 
shifted to the left for subject J. R, while both the slope and the position are 
essentially unchanged for subject R. N. 

The data as obtained in the present experiment make it possible to con- 
struct in vivo CO2 absorption curves of plasma (fig. 2) for the 2 subjects. In 
both instances a reduction in alkali reserve after 24 hours of passively imposed 
hyperventilation can be seen. With the reduction in bicarbonate concentration 
that accompanies prolonged respiratory alkalosis, a given pCOa would produce 
a greater (H+). This explanation has been utilized to account for the continue 
overbreathing that follows prolonged hypoxic hyperventilation when nonna 
oxygen tension is restored (3, 4). Bjurstedt (5) states that whereas the original 
stimulus for increased respiration in hypoxic hyperventilation is the low o^gen 
tension (essentially reflexogenic), after the alkali reserve has been lowered an 
compensation has taken place, the drive for continued overbreathing is 
need for removal of CO2 (primarily centrogenic). 
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If arterial blood concentrations alone are considered, however, this need 
for removal of CO2 cannot be invoked as the sole explanation for the increased 
response to COj in the present experiments, since after hyperventilation a 
greater respirator}’- response was produced by a lower pCOj and a' lower (H+) 
than before hyperventilation. For example, in the case of J. R., before hyper- 
ventilation an arterial blood pCOi of 47.4 and a pH of 7.32 were producing a 
respiratory response of 8.r liters per minute whereas after hyperventilation a 
pC02 of 30.4 and a pH of 7.38 gave a response of 12.6 liters per minute. Similar 
differences can be seen throughout the series. 

These data confirm Gray’s findings (6) that an increase in the respon- 
siveness of the respiratory center to CO2, which is not entirely attributable to 



Fig. 2 . In vivo plasma COi absorption curves for 2 subjects before and after 24 hours of 
hyperventilation. 

the fall in blood alkah reserve, follows prolonged hyperventilation. The pos- 
sibihty that this increased responsiveness may be due to a decrease in the 
intracellular buffer content of the respiratory center cells is investigated in the 
following paper (7). 

SUMMARY AND CONCLUSIONS 

Respiratory responses to oxygen and to 3 different concentrations of CO2 
m oxygen before and after 24 hours of passively imposed hyperventilation were 
obtained on 2 normal adult subjects. When the subjects had reached a steady 
state breathing each of the gas mixtures, an arterial blood sample was obtained 
for pH and CO2 content determinations. Using these data arterial blood pC02 
-.-was calculated for each of the blood samples. When respiratory minute volmne 
IS plotted against arterial blood pC02 an increase in the slope of the fine and a 
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displacement to the left after hyperventilation is apparent for both of the sub- 
jects. The graph of minute volume as a function of arterial blood (H+) sho^re 
a similar displacement and change in slope for subject J. R. but for subject R, 
N. the slope and position are essentially unchanged. The increase in response 
to CO2 which has been shown to exist after 24 hours of passively imposed 
hyperventilation cannot be explained in these experiments entirely on the basis 
of the reduced bicarbonate concentration of the blood which takes place vrith 
prolonged overbreathing. 
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Changes in Brain pH Respojise to CO^ after 
Prolonged Hypoxic Hypet-ventilation 

E. B. BROWN, JR. From ihe Department of Physiology, University 
of Minnesota, Minneapolis, Minnesota 


P 

JL ERSiSTENT HYPERVENTILATION following prolonged overbreatliing of hy- 
poxic origin (i) and of mechanically induced origin (2) has been reported. The 
fall in alTcali reserve of the blood during the time of the hyperventilation has 
been suggested as the mechanism for this continuing hj^erventilation after 
the initial cause has been removed (3). In experiments in which the arterial 
blood pH and COa content of the subject were determined at the same time 
that the respiratory minute voliune response was recorded, it was found that 
reduction in alkali reserve of the blood would not account entirely for the 
increased respiratory responsiveness to CO2 inhalation following 24 hours of 
passive hyperventilation (4). 

It has been suggested that the respiratory center becomes more sensitive 
to CO2 after prolonged acapnia (5) but no mechanism to explain such an in- 
crease in sensitivity has been proposed. 

The present study was undertaken following the suggestion that a reduc- 
tion in buffer capacity for CO2 of the cells of the respiratory center themselves 
might play a part in this mechanism. On the assmnption that the respiratory 
center cells would reflect changes in the brain as a whole, a method was devised 
for determining the CO2 titration cmwe of brain homogenate. 

Such titrations have been carried out on the brains of 10 pairs of guinea 
pigs, one animal of each pair having been exposed to hypoxic hj^perventilation 
for 24 hours and the other animal of each pair having been kept imder similar 
laboratory conditions but at normal oxygen tension. 

METHODS 

Hypoxic hyperventilation was produced by placing the guinea pigs in a 
metal chamber 6' in length and 2.5' in diameter and evacuating the chamber 
to a pressmre of approximately 290 mm. Hg pressure. This low pressure was 
maintained with a continuous ventilation through the chamber for the 24-hour 
period. During this time both the experimental and the control animals were 
given water but no food. Immediately upon removing the guinea pig from the 
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chamber it was decapitated along with its control 
immediately frozen in liquid air. 


mate and the heads were 


The solidly frozen brain was then removed and ground to a fine powder in 
a cold mortar. Two grams of this powdered brain were weighed to the nearest 
5 mg., and 20 ml. of cold distiUed water were added. The brain and water 
mixture was kept frozen to a mushy ice and ground to a smooth homogenate in 
a mortar, Five-ml. aliquots of this homogenate were placed in 500-ml. tonom- 
eters and one of three CO2/O2 mixtures flushed through the tonometer. The 
CO2 mixtures contained 1.80 per cent, 3.17 per cent, and 4.99 per cent CO2 in 
oxygen. Gas analyses were made with the .s-ml. Scholander analyzer (6). 
Equilibration of the homogenate with the gas mixture was carried out by ro- 


Table I. Hydrogen ion concentrations, expressed as m/l X 10* of brain 

HOMOGENATES EXPOSED TO DIFFERENT CO2 TENSIONS FOR NORMAL AND 
HYPOXIC HYPERVENTILATED GUINEA PIGS 


GUINEA 

HOPAIB 

NO. 

1 . 80 % COj 

3 . 17 % COj 

4 . 99 % C 0 > 

Normal 

Hyperventilated 

Normal 

Hyperventilated 

Normal 

Hypervcntiiiled 

I 

26.9 

33-1 

42.7 

47-9 

56.2 

66.1 

2 

28.1 

33-1 

42.7 

SI -3 

S8.9 

70.8 

3 

26.3 1 

2 S -7 

44.7 

39-8 

66.1 

SS-O 

4 

27 -S 

26.9 

34.7 

49.0 

S6.2 

66.1 

5 

27 . 5 

25-7 

42.7 

41,7 

58.9 

66. r 

6 

28.8 

32.4 

39-8 

44-7 

64.6 

58.9 

7 

29.5 

33-9 

! 42.7 

SI -3 

S 7 -S 

64.6 

8 

30-2 

34-7 

44-7 

S 3- 7 

64.6 

7 S -9 

9 

^ 25-2 

* 35 -S 

38.9 

55-0 

S 7-5 

70.8 

lo 

28,8 

28.8 

44-7 

42-7 

63.1 

64.6 

Ave. 

27.87 ± 0.51 

30.98 ±1.26 

41.83 ± 1.06 

1 

1 

47.71 ± I. 7 S 

60.36 i: 1.26 

65.89 ± 1.96 


tating the tonometer on an ice bath for 15 minutes. At the end of this time the 
homogenate was taken up without exposure to air into 5-cc. syringes and the 
pH of each sample was determined with a glass electrode pH meter maintained 
at i7°C. in a constant temperature room. Approximately 5 minutes were 
allowed for the homogenate to come up to the temperature of the glass electrode 
after removal from the ice bath and before the pH was determined. The glass 
electrode was checked against a standard buffer before and after each dete^- 
nationand duplicate determinations were made on each sample. Reproducibihty 
of the pH value by this method was usually within .005 pH umts. The entire 
procedure from decapitation to pH determination was carried out on one pair 

of guinea pigs in the same afternoon. 

The average barometric pressure on the days of the experiment was 7 
mm. Hg and this figure was used in computing the pC02 for the vanous mix- 
tures. 
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RESULTS 

The hydrogen ion concentrations as calculated from the pn’s of the brain 
homogenate at the different CO2 tensions are presented in table i. The mean 
(H+) at all COi tensions was greater for the animals that had been exposed to 
24 hours of hypoxic hyperventilation than it was for the controls. As might be 
expected, there is a greater variation among the animals of the hyperventilated 
group than there is among the control group. However, an examination of the 
data by the method of analysis of variance indicates that there is a probability 
of less than o.oi that the differences between the hypoxic hyperventilated 
animals and the control animals could have occurred by chance alone. 

When comparisons between control and hyperventilated animals are made 
by animal pairs, it can be seen that in 7 cases the change is in the direction of 
a given pCOa producing a lower pH, in 2 cases (pairs 5 and lo) there is very 

TO 


g60 

X 

t. 

u 

S50 

Fig. I. Effect op 24 hours ^ 
of hyporic hyperventilation on the ^ 
COj titration curves of guinea pig o40 
brain homogenate. J 

i30 


20 

10 14 18 22 26 30 34 38 

pCO^ 



little difference between the members of the pair, and in one pair (no. j) the 
change is in the opposite direction. 

The curves of the average hydrogen ion concentration as a function of 
PCO2 for the 2 groups are presented in figure i. The difference in position of 
the two groups is apparent but any difference in slope of the 2 curves is not 
significant. 


DISCUSSION 

In previous work (7) the acid-base changes resulting from prolonged me- 
chanically induced hyperventilation in the presence of normal oxygen tension 
have been found to be essentially the same as those resulting from h)^oxic 
hyperventilation. For convenience in these experiments hypoxia was utilized 
as the means of producing hypocapnia. 

It is recognized that the method of determining the CO2 titration curve 
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of the brain included the extraceUular as weU as the intraceUular comnonenf. 
and a reduction in the buffer content of the extraceUular components woulri 
influence the position of the curves for the brain as a whole. However to ac- 
count for the differences on this basis alone would require a faU in plasma 
alkali reserve several times as large as those which have been observed in 
humans subjected to 24 hours of hjrperventilation. 

Although CO2 exerts a stimulating effect on the respiratory center apart 
from its effect on pn, it must also be considered in the effect it has on the 
hydrogen ion concentration. It is conceivable that the stimulating effect of a 
given PCO2 in the arterial blood would be enhanced if that CO2 tension pro- 
duced a lower pH in the respiratory center ceUs. Such a reduction in buffer 
content of these cells might account for the increased sensitivity of the center 
to CO2 following prolonged hjqierventilation. In this connection it should be 
pointed out that a marked faU in the plasma level of inorganic phosphate has 
been found to take place with hjrperventilation (7, 8). A shift of this anion 
from extracellular compartment into the chemosensitive ceUs of the respiratory 
center might be concerned in this mechanism. 


SUMMARY AITO CONCLUSIONS 


The CO2 titration curves of brain homogenate were determined for 10 
guinea pigs which had been exposed to hypoxic hyperventilation for 24 hours 
and for 10 normal guinea pigs. A given pC02 produced a lower pH in the brain 
homogenate of the hyperventilated animals than it did in the controls. It is 
suggested that this reduction in the buffering ability of the brain for CO3 
following prolonged hyperventilation may be the mechanism by which the 
increased sensitivity of the respiratory center to CO2 following such prolonged 
hypocapnia is brought about. 
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Occurence in Normal Individtiah of Diurnal 
Variations in Olfactory Acuitf 

FRANZ R. GOETZL, MARTIN S. ABEL and ANN J. AHOKAS. 
From ike InstUute of Medical Research, The Permanente Foundation, 
Oakland, California 


RECENT REPORTS (i, 2) from this laboratory experiments were de- 
scribed suggesting the existence in normal individuals of diurnal variations in 
olfactory acuity. The pattern of these variations was claimed to be remarkably 
uniform and intimately connected with ingestion of food. Meals were stated to 
be preceded by a period of increasing and followed by one of decreasing acuity 
of olfaction. The decrease in olfactory acuity appeared to depend upon inges- 
tion of food because it failed to occur when meals had been omitted. These 
observations led to the tentative conclusion that predbal increase and post- 
cibal decrease in olfactory acuity may represent measurable changes character- 
istic of and concomitant with a conversion of the sensation of appetite into 
one of satiety. 

Sufficient information has been obtained from studies conducted in this 
laboratory during the past three years so that evidence may be presented in 
support of the original assertion regarding the existence in normal individuals 
of diurnal variations in olfactory acuity. The present communication was pre- 
pared with this purpose in mind. 


METHODS 

Olfactory thresholds were determined by means of a method originally 
described by Elsberg and Levy (3). In principle it consists of injecting variable 
but measurable volumes of odorous air into both nasal passages of an indi- 
vidual during a period of momentary cessation of breathing, the force of the 
injection taking the place of ordinary inspiratory movements. As the volume 
injected and its pressure are known, the test is a quantitative one. 

The apparatus used for the test includes a bottle of 530-cc. volume con- 
taining a constant amount of odorous substance. The bottle is closed by a 
rubber stopper which contains inlet and outlet tubes. A nosepiece ending in 
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two olives IS connected with the outiet tube by means of a pure sum n,u 
tube which IS compressed by a pinch-cock. The Met tube is Lnede” ^ u 
syringe permitting injection into the bottle of variable but measurabir! 
times of air. Care is taken to assure air-tightness throughout the system. 

The procedure consisted of injecting a known volume of air into a bottl? 
and of releasing it into the nasal passages of the subject by pressing upon the 
pinch-cock. The smallest volume of odorous air which sufficed to produce the 
sensation of the odor used was interpreted as the measure of threshold for the 
sense of smell for the subject at the time. At each determination, the threshold 
value accepted for the subject was the smallest volume of odorous air which 
produced the sensation of the particular odor three times in succession. 

The odor used in the experiments here reviewed was that of coffee. Ground 
coffee of a standard brand and in constant amounts (22 gm.) was renewed in 
the bottle regularly once a month. 


On test days the subjects were examined regarding patency of their nasal 
passages. This was done by having them exhale through their nose upon a 
metal mirror. On the polished surface of the mirror the spots produced by the 
vapor from each side of the nose had to be of equal size and fade out at an 
equal rate. Only when these requirements were fulfilled could the subject par- 
ticipate in the study. 

The procedure was fully explained to the subjects. They were instructed 
to insert the nosepiece and to hold it in place so as to permit the escaping 
odorous air to reach the olfactory region of the nose. They were requested to 
state whether or not they could recognize the odor upon its escape into the 
nose during the moment of cessation of breathing. Sensations which were per- 
ceived at a later moment were disregarded. The subjects had to remove the 
nosepiece and breath restfuUy for 30 to 60 seconds between successive trials. 

The threshold determinations were performed between 9:30 and lo.'oo 
A. M. and between 11:30 A. m. and 12 noon and between iioo and 1:30?. M. 
and between 4:00 and 4:30 P. m. On test days the subjects’ statements re- 
garding hunger and appetite were recorded as well as their freely selected 
caloric intake at breakfast, lunch and dinner time. On these days the subjects 
had been requested to abstain from taking food between meals. 

There were 58 individuals, 50 females and 8 males, who served as subjects. 
They were in apparently good health, ranging in age from 17 to 49 yea^. 
They held clerical and technical positions in this institution and worked daily 
from 9 A. M. until 5 P. M. As a rule they had breakfast and dinner at home at 
customary hours, but ate lunch in the hospital cafeteria which offered a vanety 
of dishes, permitting reasonably free selection of food. Lunch was serve 


tween 12 noon and i p. m. , ^ rlc- 

The results presently to be discussed are those nh^prved 

terminations performed in all subjects on days on whic ^ ^ threshold 

normal food habits. Also to be analyzed are the results of olfactory 
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determinations performed in some of the subjects on days on which the sub- 
jects omitted their noon meal. 

ANALYSIS OF RESULTS AND OBSERVATIONS 

Days on Which Stibjects Observed Normal Food Eabils. Available for analy- 
sis are the results of tests performed in the 58 subjects on 1521 test days. The 
number of test days for the 
subjects ranged from 9 to 
140, with a group average 
of 26 days. Figure i shows 
averages of olfactory thresh- 
old values obtained at dif- 
ferent hours of test days. 

The illustration demon- 
strates a decrease of olfac- 
tory threshold values dur- 
ing the morning hours, an 
increase following ingestion 
of lunch and another de- 
crease of olfactory thresh- 
old values during the later 
afternoon. Variations in ol- 
factory threshold values of 
the pattern described were 
obtained on 1005 (66.1%) 
of the 1521 days. The in- 
crease of olfactory thresh- 
old values failed to be de- 
monstrable on but 203 
(134%) of the test days. 

On 1 71 (11.2%) test days 
no decrease of olfactory 
threshold values was noted 
during the morning hours. 

On 1 1 1 (7.3%) test days the 
threshold determinations 
failed to reveal a decrease 
in olfactory threshold val- 
ues during the later after- 
noon. On 31 (2%) test days 

an increase was noted of olfactory threshold values following ingestion of 
lunch but a decrease of threshold values was noted neither during the morn- 
ing nor during the later afternoon. 
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The nature of the study at hand, however, requires a detailed ami . •. 
not of the results, obtained for the group but rather of those obtained fot? 
dividual subjects. Therefore, an inquiry was made as to whether or not th 
averages of olfactory threshold values obtained for the subject at diff r ! 
hours differed significantly from each other. The results of these calculatio! 
are shown in table i. The values in columns A, B and C indicate the avera. 
differences expressed as cc. of odorous air between threshold values obtained at 
10:00 and 12 o’clock a. m. (A); between threshold values obtained at 12 noon 
and 1:30 p. M. (B)] and between threshold values obtained at 1:30 and 4:30 
P. M. (C). The values in column P indicate the respective probability (calcu- 
lated by means of Student’s t value (4) ) that these differences are not sig- 
nificantly greater than zero. Statistical convention justifies the assumption that 
probability values of 0.05 or less are indicative of significance. This is to say 
that differences between the averages of threshold values are significant if the 
probability that they are not significant is 0.05 or less. 

In all subjects the olfactoiy threshold values in average decreased during 
the morning, increased following ingestion of lunch and decreased during the 
later afternoon. The three average differences are found to be significant in 
54 of the 58 subjects. In 2, subjects 55 and 56, of the remaining 4 subjects the 
average decrease of threshold values during the later afternoon is insignificant, 
In one, subject 57, of the 4 subjects the decrease during the morning is insig- 
nificant. There is noted, however, in these 3 subjects a significant increase in 
average olfactory threshold values following ingestion of lunch. In but one of 
the 58 subjects, subject 58, all 3 differences fail to be of significant magnitude. 

Days on Which the Subjects Omitted Their Noon Meal. In this series of 
experiments 8 of the subjects cooperated. Threshold determinations were per- 
formed in the manner described. Days on which the subjects omitted their 
noon meal were preceded and followed by days on which they observed normal 
food habits. There were 44 test days for the group on which lunch had been 
omitted and 490 test days on which normal food habits had been observed. 
For individual subjects the number of these test days ranged from 4 to 9 and 
from 30 to 140, respectively. Figure 2 shows averages of olfactory values ob- 
tained at different hours of both kinds of test days. As can be seen from the 
illustration there was no increase of olfactory threshold values noted on days 
on which lunch had been omitted. This observation held true for all 44 test 

^^^^To estabhsh reliability and significance of this observation, it appeared 
desirable to subject to statistical analysis the results obtained for 
subjects. For this purpose an inquiry was made as to whether or not the ^ ‘ 
ences between averages of olfactory threshold values o^taine ^ 

before and shortly after lunch time on days on which lunch had ^ 
differed significantly from the differences 
threshold values obtained on days on which lunch had been omi 
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Table i. Average DirrERENCES between olfactory threshold values obtained at 

DIFFERENT HOURS OF TEST DAYS 

(expressed as cc. of odorous air). 


StJBJlCT 

NO, OP 

TEST DAYS 

DIITEKENCE A 
(deceease) 

Pa 

DlrEEEENCE B 

(inceease) 

Pb 

DIPPEPENCE C 
(decpease) 

Pc 


9 

—2.2 

<o.oos 

+3.X 

<0.005 

■9 

<0.005 


9 

-1.8 

<0.005 

+1.6 

<0.005 

BI9 

0.02 


10 

—1.3 

<0.005 

+2.0 

<0.005 


O.OI 


xo 

—0.6 

<0.005 

-fo.6 

<0.005 

-0.8 

<0.005 


XX 

-0.8 

0.04 

+1.1 

<0.005 

-I.S 

<0.005 

6 

XX 


<0.005 

+1*3 

<0.005 

— X.2 

<0.005 


XX 


0.01 

+0.6 

0.04 

—X.O 

<0.005 

8 

XX 


<0.005 

+O.S 

<0.005 

-O.S 

0.02 

9 

XX 


<0.005 

+0.8 

<0.005 

—x.o 

<0.005 


XX 


O.OI 

+I.S 

<0.005 

—1.7 

0.01 

IX 

XX 


0.005 

+3.0 

<0.005 

—2.4 

<0.005 

12 

13 

-0.8 

<0.005 

+0.& 

0.01 

—0.7 

0.005 

13 

X3 

—0.7 

0,02 

+1.4 

<0.005 

—x.o 

<0.00$ 

14 

14 

-0.8 

<0.005 

+1.1 

<0.005 

-0.8 

O.OI 

IS 

14 

-X.8 

<0.05 

+3.0 

<0.005 

-2.4 

<0.005 

16 

IS 

—0.3 

0.04 

+0.7 

<0.005 

-0.8 

<0.005 

17 

z6 

—2.4 

<0.005 

+2.5 

<0.005 


<0.005 

18 

x6 

—0,3 

0.04 

+0.8 

<0.005 


<0.05 


17 

*X‘4 

<0.005 

+1.8 

<0.005 


<0.005 

20 

17 

-0.8 

0.007 

+1.6 

<0.005 

-x.S 

<o.oos 

21 

17 

—0.6 

<0.005 

+0.8 

<0.005 

—0.6 

<0.005 

22 

17 

—0.4 

<0.005 

+X.O 

<0.005 

-0.7 

<o.os 

33 

x8 

— z.o 

0.05 

+3.9 

<0.005 

-3.2 

<0,005 

34 

18 

—2.0 

<0.005 

+1*5 

<0.005 

—2.1 

<0.005 

3$ 

18 

-1.8 

<0.005 

+2.0 

<0.005 

-1.9 

<o.oos 

26 

18 

— x.o 

<0.005 

+1.1 

<0.005 

-0.7 

0.02 

37 

19 

-1.? 

<0.005 

+1.S 

<0.005 

—1,2 

<0.005 

98 

19 

—2.2 

<0.005 

+5.9 

<0.005 

-X.7 

<0.005 

39 

19 

—1,1 

<0.005 

+0.8 

<0.005 

-0.9 

<0.005 

30 

19 

“X.3 

<0.005 

+2.1 

<0.005 

-1.4 

<0.00$ 

3X 

20 

-o.g 

<0.005 

+1.8 

<0.005 

-x.S 

<0.005 

32 

21 

-X.4 

<0.005 

+9.9 

<0.005 

-1.7 

<0.005 

33 

22 

-i.S 

<0.005 

+2.0 

<0.005 

-1.9 

<0.005 

34 

22 

—2.2 

<0.00$ 

+1.7 

<0.005 

—2.0 

<0.005 

3 S 

22 

-0.3 

0.05 

+1.6 

0.05 

-1.4 

<0.005 

36 

23 

-0.3 

0.005 

+0.6 

0.005 

-0.9 

<0.005 

37 

24 

-o.S 

0.01 

+0.7 

<0.01 

—o.S 

<0.02 

38 

34 

—0.8 

<0.005 

+1.0 

<0.005 

-0.9 

<0.005 

39 

35 

-0,3 

<0.005 

+0.3 

<0.005 

—0.2 

<0.005 

40 

27 

-0.8 

<0.005 

+I.S 

<0.005 

—1.4 

<0.005 

41 

30 

-0.9 

<0.005 

+X.S 

<0.005 

-1.3 

<0.005 

43 

30 

-1.4 

<0.00$ 

+2.0 

<o.cos 

—1.6 

<0.005 

43 

32 

—0.6 

<0.005 

+0.5 

<0.005 

—0.6 

<0.005 

44 

3S 

-I.S 

<0.005 

+1.8 

<0.005 

—1.4 

<0.005 

45 

38 

-0.7 

<0.005 

+1.2 

<0.005 

—x.o 

<0.005 

46 

40 

-1.3 

<0.005 

+1.4 

<0.005 

-1-3 

<0.00$ 

47 

48 

-1.4 

<0.005 

+0.8 

<0.005 

—1.2 

<0.005 

48 

SO 

-1.9 

<0.005 

+2.4 

<0.005 

—2.6 

<0.005 

49 

54 

-4.3 

<0,00$ 

+5.9 

<0.005 

-3.8 

<0.005 

50 

S4 

-0.7 

<0.005 

+0.8 

<0.005 

-0.7 

<0.005 

Sr 

94 

-0.9 

<0.005 

+1.3 

<0.005 

— X.I 

<0.005 

52 

94 

-0,7 

<0.005 

+I.X 

<0.005 

-0.9 

<0.005 

S3 

98 

—x.o 

<0.005 

+1.2 

<0.005 

—X.I 

<0.005 

54 

140 

—0.6 

<0.005 

+0.9 

<0.005 

-0.7 

<0.005 

55 

IS 

-0.4 

0.04 

+1.0 

0.04 

-0.3 

<0.005 

S6 

9 

-0.5 

<0.005 

+0.6 

<0.005 

-O.S 

0.07 

57 

15 

-Q.4 

- 0.06s 

+0-7 

0.065 

-<i.5 

0.03 

58 

19 

-0.4 

o.is 

+O.S 

O.IS 

—0.4 

O.IS 


A. ■= Average difference between threshold values obtained at io;oo a.u. and noon. B *= noon and 1:30 POC. 
C* ■■ 1:30 and 4:30 p.M. P = Probability that the respective difference is not significantly greater than zero. 
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suits of these calculations are shown in table 2. The values in columns B 
and Bs represent the average differences expressed as cc. of odorous air between 
threshold values obtained at 12 noon and 1:30 P. m. on days on which lunch 
had been ingested ( 5 i) and on days on which lunch had been omitted (Bj) 
The values in column P indicate the probability (calculated by means of Stu- 
dent’s t value) that the difference between the differences referred to is not 
significant. Applying statistical convention, values of 0,05 or less are to be 

AVERAGE OLFACTORY THRESHOLD VALUES OBTAINED 
ON DAYS ON WHICH LUNCH WAS INGESTED 


THRESMoio vftuuES LIGHT LINES FOR THE INDIVIDUALS 



AVERAGE OLFACTORY THRESHOLD VALUES OBTAINED 
ON DAYS ON WHICH LUNCH V/AS OMITTED 

threshold values LIGHT LINES FOR THE INDIVIDUALS 

iH c.c, HEAVY LINE FOR THE GROUP 



Fig. 2 


considered indicative of significance. Again, this me^s that a ' 

significant if the probability that it is not significant is 0.05 or 1^- ^ 

table it can be seen that the difference under discussion is significant for 

subjects. 


COMMENT 

Changes in olfactory threshold values indicate changes in 

tion. Thus, decreasing threshold vdues rfveals that 

values a decrease in acuity. Therefore, the mformaUon presente 
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the olfactory acuity was found to be greater before than shortly after ingestion 
of noon meals on 1005 (86.7%) of the 1521 test days; an increase in olfactory 
acuity during the morning was noted on 1350 (88.8%) and an increase during 
the later afternoon on 1410 (92.7%) of the test days. Considering the multi- 
tude of variables inherent in a procedure as the one employed in the present 
investigation, the high percentages cited appear to indicate reliability of the 
observations. Additional confirmation of this impression may be deduced from 
the analysis of results obtained for individual subjects. This analysis taking 
into account averages of olfactory threshold values obtained for the individual 
subjects at different hours of test days reveals that there were demonstrable 
in 54 of the 58 subjects a statistically significant increase in olfactory acuity 
before lunch, a statistically significant decrease shortly after ingestion of the 


Table 2. Average DirrEEENCES between oltactory threshold values obtained 
BEFORE AND AFTER LUNCH HUE (expressed as cc of odorous air) 


SUBJECT 

NO. OP TEST DAYS 
ON WmCH LUNCB 
WAS INGESTED 

NUITBER OP TEST 
DAYS ON WHICH 
LUNCH WAS 
OiniTED 

DlfPERENCE Bl 
(INCREASE) 

DITTERENCE Bi 
(decrease) 

p 

z 

3 ° 

4 

■{•O-S 

-o-S 

<0.005 

2 

94 

9 

+1.3 

—0.2 

<0.005 

3 

140 

6 

-fo.p 

— 0.2 

<0.005 

4 

SO 

6 

+2.4 

—0.6 

<0.005 

s 

94 

6 

-hi. I 

-0.3 

<0.005 

6 

98 

S 

+1.2 

-0.3 

<0.005 

7 

54 

4 

+0.8 

-0.7 

<0.005 

8 

30 

4 

+I-S 

— O.I 

<0.005 


Bi ■= Average difference between threshold values obtained at noon and 1:30 p.u. on days 
on which lunch had been ingested. Sj = on days on which lunch had been omitted. P = 
Probability that differences Bi and Bt are not significantly different from each other. 


meal and a statistically significant increase during the later afternoon. In 2 
of the remaining subjects, subject 55 and subject yd, the increase in olfactory 
acuity during the later afternoon was demonstrable though not of significant 
magnitude. In one, subject 57, the increase in olfactory acuity during the mor- 
ning failed to be of significant magnitude. In the one remaining subject, sub- 
ject 58, the average threshold values indicated the existence of an increase in 
olfactory acuity during the morning, of a decrease shortly following ingestion 
of lunch and of another increase during the later afternoon; however, none of 
these variations in olfactory acuity was found to be of significant magnitude. 
The decrease in olfactory acuity shortly following the ingestion of noon meals 
was found to be of significant magnitude in 57 of the 58 subjects. 

The significance of the decrease in olfactory acuity noted shortly after 
ingestion of noon meals may be deduced also from the analysis of results ob- 
tained on days on which noon meals had been omitted. This analysis shows for 
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aU subjects so tested that changes in olfactory acuity observed after lunch tim. 
on days on which lunch had been ingested difiered significantly from those 
obse™d at the same time of the day but on days on which lunch had been 
oinitted. The conclusion may be drawn that ingestion of freely selected meals 
IS foUowed by a significant decrease in olfactory acuity. 

The results here subjected to analysis represent information assembled 
from investigative work performed in this laboratory by six assistants during 
the past three years. Method and procedure employed in the studies yielded 
results of remarkable similarity although obtained by different assistants. Thus 
comparable residts were obtained when tests had been performed in a subject 
by different assistants. Thorough familiarity with method and procedure ac- 
quired over the years made it possible to minimize experimental errors and 
frequently to explain exceptional results. Certain thoughts and observations 
pertinent to the point appear worthy of mention. 

In selecting subjects for the present investigation it was found necessary 
to exclude individuals whose history revealed existence of chronic disease or of 
unusual food habits. Acute illness, particularly acute infections of the upper 
respiratory tract necessitated temporary exclusion of subjects from the group. 
Repeated examinations on test days of the subjects’ nasal passages revealed 
often a decrease in patency during the latter part of the day, which may partly 
explain the failure occasionally noted of olfactory threshold values to decrease 
during the later afternoon. Also, general fatigue of the subjects as well as physi- 
cal and emotional strain were noted to influence olfactory acuity. On test days 
the subjects were observed closely in order to make certain that they refrained 
from taking food or coffee and from using chewing gum between meal times. 
The subjects were permitted to smoke though not within a 15-minute period 
prior to tests. Individuals using drugs regularly (particularly those applied 
locally to the nasal mucous membrane) could not participate in the investi- 
gation. Also, excluded from the group were individuals frequently exposed to 
certain odors, particularly those of formalin and fat solvents. That certain drugs 
and odors may affect olfactory acuity has been shown previously by Elsberg 
and co-workers (5). In order to demonstrate temporary influences of meals 
upon olfactory acuity it was necessary to determine olfactory threshold values 
at short and uniform intervals before and after ingestion of the meals. This 
consideration was regarded important, particularly with respect to the ^ rs 
threshold determinations after breakfast because the threshold values obtaine 
at this time served as points of reference for calculating changes in 0 ac oiy 
acuity occurring during the day. The occasional failure to demonstrate an in- 
crease in olfactory acuity during the morning hours may have been 
part by failure to observe properly that precaution. In general, it can b 
Lt Mowing several test days devoted to fanuUar^ing fte 
procedure and the assistant with the subject, the threshold values 



April ipso 


BIURNAL VARIATIONS IN OLFACTORY ACUITY 


S6i 

jects obtained in the morning became remarkably constant varying in magni- 
tude from day to day by not more than 0.5 cc. of odorous air. It is considered 
beyond the scope of the present report to discuss the observation that individ- 
ual differences exist vdth respect to levels of olfactory acuity. Suffice it to say 
that age and sex of the subjects did not seem to be of influence upon olfactory 
acuity as determined by the procedure described. It may be mentioned, how- 
ever, that hyperacuity of olfaction was often noted to exist during one or two 
days preceding the onset of menstrual periods. 

In previous reports from this laboratory the suggestion has been made 
that the conversion of the sensation of appetite into one of satiety brought 
about by ingestion of food may be characterized by a concomitant decrease in 
olfactory acuity. If this assumption should prove to be correct, the occasional 
failure to demonstrate a significant decrease in olfactory acuity following in- 
gestion of the noon meals may have to be explained in part by a failure of the 
meal to produce a sensation of satiety. Although statements of the subjects in 
regard to their sensations before and after meals were recorded, it is difldcult 
to subject to analysis statements of this type. The impression was gained, how- 
ever, that meals which failed to produce a decrease in olfactory acuity also 
failed to produce a sensation of satiety. 

The above remarks were not intended to emunerate all possible sources of 
error inherent in method and procedure employed in the present investigation. 
Only those sources of error have been mentioned which were considered of 
utmost importance and considered to be avoidable. 

SUMMARY 

An analysis is presented of results obtained from studies concerning the 
existence in normal individuals of diurnal variations in olfactory acuity. 

The following conclusions appear warranted. Taking into account averages 
of olfactoiy threshold values obtained on 9 or more test days, there are to be 
expected a significant increase in olfactory acuity during the morning, a sig- 
nificant decrease in olfactory acuity shortly after ingestion of freely selected 
noon meals and a significant increase in olfactory acuity during the later after- 
noon. The number of individuals studied justifies the expectation that similar 
results may be obtained from the population at large. The variations in olfac- 
tory acuity described appear to be intimately related to food intake because 
they fail to occur when noon meals are omitted. Brief mention was made of 
possible sources of experimental errors. 

addendum: 

While the present report was being prepared a paper on the subject matter 
was published by Janowitz and Grossman (6). In their communication these 
authors claimed to have ruled out the existence in normal individuals of diurnal 
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variations in olfactory acuity. Their claim is based upon results obtained from 
olfactory threshold determinations performed in 17 subjects on 27 days. Eleven 
of these subjects were tested on one day, two of the subjects on two days and 
four of the subjects on three days. The description of method and procedure 
followed for determining olfactory thresholds conveys the impression that the 
authors had failed in their investigation to observe certain precautions essential 
for ensuring reliability of results. The observation that individual olfactory 
acuity levels seemingly varied widely from day to day likewise may be inter- 
preted as indicating unreliability of the data presented. In addition, for reasons 
previously discussed, the authors’ choice for subjects of medical and graduate 
students working in or near certain laboratories must be considered improper. 
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Mechanical Efficiency in Cycling of Boys Seven 
to Fifteen Years of Age" 

CLARA M. TAYLOR, MARY E. R. BAL’, MINA W. LAMB* 
AND GRACE MacLEOD. From the Nutrition Laboratory, Teachers 
College, Columbia University, New York City 


M ANY STUDIES of the mechanical eflSciency of adults have been reported 
but to date little work has been done with children and none at all with young 
children. The object of this paper is to present the results of determining the 
mechanical efficiency of 19 boys‘7 to 15 years of age by means of a bicycle ergo- 
meter of electric brake tj^ie patterned after those designed by Benedict and 
Carpenter (4), Benedict and Cady (5) and Krogh (6). A diagram of the open 
circuit respiration chamber showing the bicycle ergometer in place will be 
found in a paper from this laboratory by Taylor el al. (7) reporting the energy 
expenditure by these boys for sitting quietly and for cycling. 

BICYCLE ERGOMETER 

The bicycle ergometer consists of a bicycle frame mounted on supports 
with the rear wheel replaced by a copper disk, 40.7 cm. in diameter, mounted 
on a transverse shaft on ball bearings in firm supports. On the same shaft a 
rotating magnetic core is moimted on ball bearings. This is made of Swedish 
iron and supports 4 field coils in such a manner that the copper disk rotates be- 
tween the pole faces of the coils. To prevent too rapid acceleration of move- 
ment of the core, a telescoping arm with a roller at the end is fastened to the 
under side of the core and rolls on the surface of an arc. Regulation sprocket, 
chain and pedals are used to rotate the disk. 

To measure the work done a half-kilogram weight is suspended from the 
end of a torque arm placed at right angles to the magnetic core and equal in 
length to the radius of a 2-meter circle. By passing a constant current of 0.6 
ampere through the coils a magnetic field is set up which acts as an electric 
brake to oppose the rotation of the copper disk. As the disk rotates the half- 
kilogram weight is lifted to balance the effect of the brake and thus with each 
revolution of the disk, work equivalent to one kilogram-meter is done. 

Received for publication March 28, 1950. 

* Data in this paper are from dissertations submitted by Clara M. Taylor (i), Mary E.' Robertson 
(2) and Mina W. Lamb (3) in partial fulfillment of requirements for the degree of Doctor of Phi- 
losophy, under the Joint Committee on Graduate Instruction, Columbia University, New York City. 

’ Present address: Department of Chemistry, Columbia University, New York City. 

* Present address: Division of Home Economics, Texas Technological College, Lubbock, Texas. 

563 



Volume 2 


564 


TAYLOR, BAL, LAMB AND MacLEOD 


The boys sat upright throughout the tests, this being the uosilion 
which most children ride. The handle bars were movable enabling tte Z to 
approxmate the am motions oranarily brought into play when tiding in , 
open The height of the saddle was always carefully adjusted to insure comtorl 
and to avoid the necessity for any extra energy expendture due to strctchinr 
o^ legs and feet to reach the pedals. The number of revolutions of the copper 
<Usk was recorded by an electric cyclometer located on the control board out- 
side the chamber and operated by a photoelectric cell. 


The total work done by the cyclists consisted of 2 components, the work 
done in lifting the half-kilogram weight and the work done against the me- 
chanical friction of the ball bearings, chain and telescoping roller. In order 
that approximately the same amount of work should be done in each test 
period, red and green lights were placed on a support just below the handle 
bars, where they were easily seen by the cyclists, and connected with contacts 
on the rear support. If the pedaling was too fast, the red light showed, if too 
slow, the green light. The contacts were set for the desired speed and the boys 
instructed to pedal just fast enough to keep both lights out. This proved to be 
a satisfactory means of maintaining a speed of 54 to 65 pedal revolutions per 
minute. Similar red and green lights placed on the control board outside the 
chamber and operated simultaneously with those on the bicycle kept the ob- 
server informed as to the regularity of the pedaling. 

The ergometer was calibrated^ by measuring the amoimt of work done in 
ppdaling against the total load. A motor was attached by means of a chain to 
a special sprocket moimted on the axis of the pedals and the ergometer driven 
at speeds of 48 to 81 revolutions per minute. The power expended in driving 
the motor, which in turn drove the ergometer, was measured by a voltmeter- 
ammeter combination. Having determined the power needed to drive the motor 


separately, the power required to drive the ergometer was obtained by differ- 
ence. This power, measured in watts, was converted into kilogram-meters of 
work done for each speed within the aforementioned range for a given time 
and included both the work done in lifting the weight and that done against 
friction. Knowing the work done in lifting the weight, that done against fric- 
tion was obtained by difference. From a curve constructed by plotting the 
work done against friction in 15 minutes against the revolutions of the copper 
disk in the 15-minute period, the work done against friction corresponding to 
the observed number of revolutions of the copper disk could be read direct y. 


PROCEDURE 

Except in Group II the results reported are those of tests made in the 
afternoon after school, 3I to 4 hours after a light to moderate meal, n 

< The work of George J. Dzwons, engineer, in carrying out this calibration is gratefu y 
acknowledged. 
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II the results of tests made in the morning before breakfast are averaged with 
those made after school, Taylor (i) having established the fact, by making 
17 tests before breakfast and 29 after school, that the differences between the 
results were so small as to be negligible. It was also established, as the result 
of 15 tests on each of the three groups, that cycling at the rate of 49 to 69 revo- 
lutions per minute did not cause oxygen debt. Therefore, no recovery period 
was required. 

As in the determinations of the energy expenditures for sitting quietly and 
cycling already reported (7), two boys were studied at a time and treated as 
one subject, the same boys being paired each time. The chamber was thoroughly 
ventilated before each test and the ventilation continued for 5 minutes after 
the boys had entered the chamber and the door had been closed. Then followed 
a 15-minute period of sitting quietly on a chair after which the boys were 
given the signal to start cycling. Except in Group I each boy pedaled for 15 
minutes, the other boy continuing to sit quietly. Thus a total of 30 minutes 
of cycling was obtained. In Group I it was found that a 15-minute cycling pe- 
riod was too long, but when the time was divided so that each boy in turn rode 
for 8 minutes and then for 7 minutes, making a total of 15 minutes each, a 
total of 30 minutes was easily obtained. 

The increase in the carbon dioxide content of the chamber air was deter- 
mined by analyzing samples of air withdrawn from the chamber through a 
small opening provided for that purpose at the beginning and end of each 
experimental period. For these analyses the Carpenter modification of the 
Haldane gas analysis apparatus was used. These results were corrected for 
the amount of carbon dioxide in the outdoor air circulated through the cham- 
ber during the period. The absorbing trains, of which there are two, enabling 
the observer to change from one to the other without any break between suc- 
cessive periods, were weighed before the beginning and at the end of each 
period. The increase in weight, corrected for the carbon dioxide of outdoor 
air, could then be added to the corrected carbon dioxide of the chamber air 
to obtain the total carbon dioxide production. The average carbon dioxide 
production per boy while cycling was obtained by subtracting from the total 
carbon dioxide produced during the 30-minute cycling period the average 
carbon dioxide produced per boy sitting quietly for 30 minutes. From the 
carbon dioxide production per boy thus obtained the cost of the work done 
was calculated. 

At frequent intervals, usually once a week, the chamber and absorbing 
trains were tested for tightness by determining the percentage recovery of 
known weights of carbon dioxide introduced. The average percentage recover- 
ies of the weekly tests were 99.9, 99.5, and 99.5 for Groups I, II, and III, 
respectively. 
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Ko»Up;c2 

mechanical efficiency 

The meclianical efficiency of the body is expressed in a number of HifFpr 
ent ways, The term ‘gross efficiency’ is commonly used to express the relation 
between the work done and the total energy expended in performing it while 
,the tenn net efficiency’ is applied to the relation between the work done and 
the energy expended in doing the work over and above that required to main- 
tain the ^dy in the ‘resting position.’ The term, resting position, as found in 
the literature of bicycle ergometer studies, has several meanings. In some stud- 
ies it is taken to mean the position maintained when the subject is sitting on 
the bicycle, in others the resting position is taken as that of the subject sitting 
on the bicycle and pedaling without a resistance load, often spoken of in the 
reports as ‘coasting.’ In other studies the resting position is that of the subject 
sitting on the bicycle and pedaling while the pedals are turned by a motor and 
in still other studies the energy expended for resting position is considered to 
be that expended by the subject under basal metabolism conchtions. 


Table i. Aveil\ge energy expenditure por basal metabolism and sitting qbietw 

basal metabolism sitting qdietly* 

Callboy/hr. • Cal/bpyihr. 

Group I 42.9 69.1 

Group II 45.9 72.5 

Group III 53.2 86.6 


1 Including the basal metabolism. 

Active 7- to 15-year-old boys could not be expected to sit quietly on the 
bicycle for a long enough period to measure the energy expended in this rest- 
ing position without building up considerable muscle tone from annoyance as 
well as from restlessness. Neither was it considered practical to determine for 
a base line the energy expended by the subjects when the pedals were rotated 
by a motor and the legs allowed to swing idly with the pedals. Instead of either 
of these base lines it was thought better to substitute the energy expended by 
the boys sitting quietly reading or playing with simple puzzles or toys involv- 
ing the use of only the finger muscles. Net efficiency was also calculated using 
the basal metabolism as a base line. The average energy expenditure for has" 
metabolism and sitting quietly is given for each group in table i. 


RESULTS and DISCUSSION 

The average results of the determinations of mechanical efficiency are 
given in table 2. The smallest coefficient of variation in each group is that 
the gross efficiency, whUe that for the net efficiency 

the energy cost of sitting quietly is the highest. This 1 ergy 

-tion may well be due to the fact that small difierences m the additional energy 
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expenditure for the bicycle riding show up as large differences when the expendi- 
ture for sitting quietly is deducted from the total expenditure for cycling. Also 
it is true that the coefficients of variation for sitting quietly, as reported by 
Taylor el al. (7), are larger than those for cycling, doubtless due to the activity 
being more controlled in the cycling period. When we consider the natural 
variability in the involuntary movements of the boys from day to day coeffi- 
cients of variation ranging from 7.9 to 13.3 per cent for gross efficiency, from 
10.3 to 14.8 per cent for net efficiency with basal metabolism deducted, and 
from 15.7 to 21.8 per cent for net efficiency with the energy cost for sitting 
quietly deducted, these results seem not too great to be acceptable. The valid- 


Table 2. Average results of DETERiUNATioNS or mechanical efficiency 







XPPinENCY— PEE CENT 

CIOUF 

AGE 

TOTAL WOEE 

done/boy/he. 

COST OP TOTAL 
WORE done/ 

boy/he. 


Net 




Gross 

Basal ' 

Metabolism 
Deducted 

Metabolism for 
Sitting Quietly 
Deducted 


year month 

Cal. 

Cat. 




/ 

6 

9 1 

ig.aio.a 

t 47 . 3 ±s -4 

I3.0±0.2 

i8.4d=o.4 

34.6^10.9 

6 Subjects 

to 


c.v. = 7.1% 

C.v. - io.j% 

C.V. = 9.9% 

C.V. ** 11.9% 

C.V. = 20.7% 

18 Tests 

8 

T i 

P.E. = 1.0% 

P.E. = 1.6% 

P.E. = 1.5% 

P.E. = 2.1% 

P.E. - 3.6% 




of Mean 

of Mean 

of Mean 

of Mean 

of Mean 

II 

9 

6 

S 3 . 3 ±o.i 

I48.t±1.4 

iS. 7 ±o-i 

3t.S±0,S 

30. 8^. 6 

6 Subjects 

to 


C.V. = 4 . 5 % 

C.V. - 8.5% 

C.V. = 7.9% 

C.v. = 10.3% 

C.V. =. IS. 7% 

35 Tests 

It 


P.E. » 0.4% 

P.E. *s 0.9% 

P.E. w 0.6% 

P.E.= 1.3% 

P.E. = 1.9% 




of Mean 

1 

of Mean 

of Mean 

of Mean 

of Mean 

III 

It 

s 

J 4 . 4 ± 0.4 

189.5*3.9 

Jt.QzhO.t 

I 7 . 9 ±o .4 

23.7±o.7 

i Subjects 

to 


C.V. = 11.7% 

C.v. = 14.9% 

C.V. = 13.3% 

C.V. =. 14.8% 

C.V. = 21.8% 

24 Tests 

IS 

X 

P.E. = 1.6% 

P.E. = j.i% 

P.E. = 1.5% 

P.E. = 2.2% 

P.E. = 2.4%' 




of Mean 

of Mean 

of Mean 

of Mean 

of Mean 


ity of the results is indicated by the values 0.6 to 3.6 obtained when the prob- 
able errors are expressed as percentage of their means. 

It must be borne in mind that mechanical efficiency varies with speed, 
the external work performed, the training of the subjects, the duration of the 
work period, diet and the base lines used in determining the net efficiency. 

The average munber of pedal revolutions by the boys of Groups I and II 
was 57, that for the boys of Group III, 65. These figures fall well within the 
range of speeds considered by other investigators to be most efficient. Garry 
and Wishart (8), experimenting with speeds ranging from 25 to 98 pedal revo- 
lutions per minute, found the optimum gross efficiencies for two untrained 
subjects at a speed of 52. Benedict and Cathcart (9), testing subjects at speeds 
ranging from 54 to 128 pedal revolutions per minute, found the maximum 
efficiency at 70, a speed below which their professional cyclist preferred not 
to pedal. Dickinson (10), out of a range of speeds from 8 to 60 pedal revolu- 
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tions per minute, obtained the highest efficiency at ,3 Amar f,A , 
m efficiency as the speed increased from yo to ‘ 

Ininute but a decrease at 100 revolutions per minute. Briggs (m) i. 

speed ‘ P« minute to be the nist comtl* 


Tabli: 3. Comparison or results of these studies with those of comparable stcdies 

■Krr.riTAMTr'AT aiuuiES 


0? 


SUDJECTS 

NO. or 
subjects 

NO. or 

TESTS 

PEDAL 

WOfiK 

ErnClENCV — PES CENT 

=== 






Gross 

Net 





fa/min. 

CaJ/min. 




Boys 








7 to 9 yr. 

6 

18 

57 

0132 

13.0 

i8.4» 

This study 

9 to II yr. 

6 

3 S 

57 

0-39 

15-7 

24.6* 

22.8* 

This study 

12 to IS yr. 

7 

24 

65 

0.41 

12.9 

30. s* 
17.9* 

This study 

14 yr. 

I 

37 

60 

0. 7-0.8 


25-7’ 

22.4’ 

(16) 

Men 





1 


2 

4 

68 

0.46 

10-3 1 

13-8* 

(9) 


[ 7 

16 

1 73 

0.48 

12.2 

1 17.2' 

(3) 


i 

3 

9 

60 

0.50 


21. f 
20.9’ 

(13) 


2 

2 

70 

0.51 

9 - 5 ' 

23.8* 

( 8 ) 


2 

14 

60 

0.68 


22.9’ 

(13) 

i ( 

2 

3 

59 

0.83 

1 

20.9* 

(4) 

(( 

3 

17 

60 

0.88 


22.9® 

(13) 

n 

I 

2 

56 

0.98 


19.4’ 

(9) 

it 

2 

3 

58 

1. 01 

I 5 -S 

18. s* 

(9) 

({ 

I 

8 . 

60 

1.08 


21.9® 

(13) 

a 

2 

4 

61 

1.48 

16.2 

19. s’ 

( 8 ) 

n 

I 


60 

1.66 


26.1* 

22.3® 

(13) 

a 

I 


60 

2.06 


21.0® 

(13) 

it 

2 


58 

2.75 


17.6’ 

(17) 


’ Base line, basal metabolism * Base line, sitting quietly 
* Base line, subject pedaling with no load (without motor). 


*Base line, sitting on bicyde 


The average total work done by the boys of the three groups ranges from 
19,2 to 24.4 Cal. per hr. This narrow range is explained, of course, by the fact 
that the load against which the cycling was done was the same in all the tests, 

as was also the duration of the work period. 

Although some of the boys owned bicycles they did not have opportunity 
to use them much and consequently they were all considered untraine su 
jects. As each pair of boys seldom served as subjects oftener than once a wee^ 
and the work performed was not strenuous enough to demand great e o^ 
their part, it is not surprising that no evidence of any influence o traini 
was seen during the progress of the tests. 
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The influence of diet on eflflciency is reported in a number of studies in 
the literature. Reynolds, Sevringhaus and Stark (13) found that the net effi- 
ciency of their 3 subjects in cycling (energy expenditure for sitting on the bi- 
cycle, deducted) ranged from 21 to 24 per cent regardless of whether the diet 
was high in carbohydrate, high in fat or an average mixed diet. Marsh and 
Murlin (14), measuring efficiency on 'a bicycle ergometer, obtained results 
ranging from 19.7 to 24.0 per cent on a normal diet. The efficiencies on other 
types of diet which they used fell within this range. Haldi et al. (15) found the 
same net efficiency (metabolism for lying at rest deducted) whether their sub- 
jects ingested glucose or fructose or a mixture of these sugars or an average 
breakfast before cycling. The boys who served as subjects in this investigation 
were living on a good institutional diet and most of the tests were made after 
school in the afternoon 3I to 4 hours after the last intake of food, it having been 
established at the beginning of the study that tests at this time gave results 
in agreement with those obtained in determinations made before breakfast. 
Influence of diet on the efficiency, therefore, was not a factor. 

The only determination of the mechanical efficiency of children by means 
of the bicycle ergometer found in the literature is that of Marsh (16) who, in 
connection with a study of the character of energy metabolism during work, 
reported an average net efficiency (expenditure sitting on the bicycle deducted) 
of 22.4 per cent for a 14-year-old boy; gross efficiency was not given. 

The results of our studies on boys 7 to 15 years of age are given in table 
3 along with those of Marsh and of some comparable investigations on un- 
trained men. 

The gross efficiencies when the men and boys performed the same amount 
of external work are higher for the boys than for the men, but when the men 
performed approximately three times as much external work as the boys, the 
gross efficiencies of men and boys are of the-same order of magnitude. Benedict 
and Cathcart (g) foimd that the efficiency of their men subjects increased 
as the load increased from small to moderate but decreased with still greater 
loads. 

When net efficiency is calculated with the basal metabolism deducted, the 
average for the three groups in this study is 19.7 per cent (range, 17.9-22.8), 
while that for the men reported on this base line is 17.6 per cent (range, 13.8- 
20.9), a difference of 2.1 per cent. The average net efficiency of the boys cal- 
culated after deducting the expenditure for sitting quietly is 26.4 per cent 
(range, 23.7-30.8). If this is compared with those cases in which the base line 
was sitting on the bicycle, we find the result of 22.4 per cent for Marsh’s boy, 
while the average of nine reports on men on this base line is 20.9 per cent 
(range, 17.6-22.9). The two reports on men when the base line was that of 
pedaling with no load give an average net efficiency of 25.0 per cent. The 
one report of net efficiency of men when the base line was that of sitting qui- 
etly on a chair gives a result of 21.7 per cent. 
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SUMMARY 

Seventy-seven determinations of the mechanical efficiency of m bov. 7 
to 15 years of age, are reported. The work was measured by means of a bicvd 
ergometer of electric brake type in a respiration chamber. The results are 
ported as gross efficiency, net efficiency after deducting the basal metabolism' 
and net efficiency with the energy expenditure for sitting quietly on a chair 
deducted. Eighteen determinations on 6 boys, 7 to 9 years of age, gave an 
average gross efficiency of 13.0 per cent, an average net efficiency with basal 
metabolism deducted of 18.4 per cent, and an average net efficiency with cost 
of sitting quietly deducted of 24.6 per cent. Thirty-five determinations on 6 
boys, 9 to II years of age, gave an average gross efficiency of 15.7 per cent, 
an average net efficiency with basal metabolism deducted of 22.8 per cent, and 
an average net efficiency with cost of sitting quietly deducted of 30.8 per cent. 
Twenty-four determinations on 7 boys, 12 to 15 years of age, gave an average 
gross efficiency of 12.9 per cent, an average net efficiency with basal metabo- 
lism deducted of 17.9 per cent, and an average net efficiency with cost of sitting 
quietly deducted of 23.7 per cent. 
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Correlation of Acid, Pepsin and Mucoprotein Secretion 
by Hutnan Gastric Glands 

GEORGE B. JERZY GLASS, BETTY L. PUGH and STEWART 
WOLF. From the Department of Medicine, Cornell University Medical 
College and New York Hospital, New York City 

s 

L_xtudies CORRELATING ACID AND PEPSIN SECRETION in the stomach with 
quantitative estimations of mucin have not been altogether satisfactory owing 
to the fact that total mucin determinations measured only the algebraic sum 
of a mixture of not necessarily related components. Thus there appeared to be 
no correlation of mucin values with other indicators of gastric function. Since 
the recent development of a method for the separate determination of the 
glandular product (mucoprotein) from other constituents of gastric mucin (vis- 
ible mucoid and mucoproteose), it has become feasible to assess the relationship 
of mucoprotein to other important secretions of the gastric glands (1-3). 

This communication reports a simultaneous quantitative study of all three 
secretory products of gastric glands, acid, pepsin and mucoprotein under fasting 
conditions and after central vagus stimulation in the form of intravenously 
administered insulin. 


MATERIAL AND METHODS 

The data on fasting secretion were derived from 37 subjects with normal 
and diseased stomachs from whom one or more fasting specimens were obtained 
(total of 61 specimens). Eight of these subjects were tested before and after 
either gastric resection or vagotomy. 

All fasting secretions were collected at least 12 hours after the last meal. 
Contamination by saliva and sputum was minimized by providing the subject 
with a sputiun bottle and instructing him not to swallow. The first fasting 
specimen was obtained by evacuating the stomach as completely as possible 
through a Levine tube and 20 minutes thereafter the second fasting specimen 
was aspirated. 

Twenty-four subjects with normal and diseased stomachs were "subjected 
to the intravenous insulin test. Some of these individuals were tested both before 
and after vagotomy or gastric resection (total of 30 tests). The insulin tests 
were performed in the standard manner (4-7). After complete aspiration of two 
fasting specimens 16 u of insulin was injected intravenously and gastric speci- 
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Table i. Analyses of 6i fasting gastric contents of 34 individuals 


TEST ( 

NO. 

:ase 

NO. 

DUGNOSIS ; 

G. 

i^OLUMZ 

\STRIC AaOITY 

1 

GASTRIC 
klUCOPRO- ^ 

TEIN 

PEPSIN 

UNITS 

CONIAMKAnOV 


Free Total 

1 

2 

3 

4 

5 

6 

7 


Normals and ‘nervous 
indigestion’ 

cc. 

27 

17 

42 

8 

11 

12 

5 

vtEq/l 

58 

II 

62 

8 

0 

0 

14 

) 

64 

27 

75 

25 

14 

10 

28 

ng/lOO cc. ^ 

81 

98 

i6s 

136 

Trace^ 

Trace 

Trace 

j/HbX 

io‘ 

SI 

lOI 

162 

1 14 

0 

0 

27 


1 ■ 

26 

I 

I 

2a* 

2a 

3a 

3a 

4 

4 

7a 

8 

loa 

34a 

22a 

22a 

36 

36 

Duodenal ulcer 

32 

33 

27 

45 

78 

27 

14 

107 

76 

35 

12 

87 

20 

14 

21 

85 

36 

65 

0 

0 

7 

23 

32 

50 

7 

16 

29 

16 

28 

44 

0 

9 ' 
36 

50 

1 

250 

Trace 

Trace 

6S 

81 

81 

86 

47 

81 

? 

163 

65 

69 

Trace 

Trace 

42s 

114 

ISO 

loS 

122 

168 

98 

53 

80 

SO 

23 

no 

60 

54 
48 

71 

91 


25 

26 

27 

28 

29 

13 

13 

27 

28 

28 

Gastric ulcer 

42 

28 

30 

107 

35 

0 

0 

15 

16 

0 



20 

21 

98 

163 

SI 


30 

31 

32 

33 

5a 

5a 

29 

30 

Pyloric stenosis due to 
ulcer 

52 

45 

300 

20 

33 

48 

56 

0 

51 

64 

86 

10 

no 

114 

III 

Trace 

1 

Food + + 
Food + + 
Food + + 
Food + 

34 

35 

36 

31 

32 

33 

Atrophic gastritis 

24 

8 

5 


1 

Trace 

Trace 

57 

3S 

30 

S 


37 

38 

39 

17 

17 

14a 

Tumors of the stomach 

i 3 

4 

30 


1 

Trace 

20 

Trace 

0 

0 

0 

Bile + + + 
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Table i. (Continued) 



CASE 



CASTMC ACIDirV 

GASTRIC 

PEPSIN 

UNITS 


TEST 

DZAOKOSIS 

VOLUME 



UUCOPRO- 

CONTAIONATION 

KO. 

KO. 

Free 

Total 

TEIN 





CC. 

mEq } l . 

mgflOO cc . 

P . U.^'^X 


40 

Sb’ 

Subtotally resected 


0 

7 

0 

0 

Bile + 

41 

18 

stomach 


0 

10 

28 

21 


42 

18 



0 

10 

Trace 

0 

Bile -t- -t- 

43 

19 



0 

7 

Trace 

0 

Bile -t- + 

44 

19 



0 

6 

Trace 

0 

Bile + + 

4 S 




0 

9 

Trace 

0 


46 

ifl 


11 

0 

3 

Trace 

0 


47 

21 


16 

0 

3 

Trace 

0 


48 

3 S 


3 

0 

3 

Trace 

0 


49 

22b 


10 

0 

S 

Trace 

34 


SO 

2b 


30 

0 

2 

8 S 

0 


SI 

2b 


6 s 

0 

2 

96 

0 


S 2 

23 


6 S 

0 

8 

Trace 

0 

Bile + -t- 

S 3 

23 


23 

2 

13 

78 

0 

Bile + + + 

S 4 

14b 


27 

0 

6 

Trace 

0 

Bile + + + 

SS 

14b 


14 

0 

6 

Trace 

0 

Bile H — 1 — h 

S 6 

7b 

Vagotomized stomach 

4 

0 

6 

Trace 

m 

Bile -f- + -(- 

S 7 

lob 


18 

0 

9 

Trace 


Bile -p -f- 

S 8 

lob 


32 

0 

6 

Trace 

■1 

Bile -h -i- -b 

S 9 

34b 


9 

0 

S 

Trace 

0 

Bile - 4 - - 4 " "f* 

60 

34b 


16 

0 

S 

Trace 

0 

B1I0 4 * " 4 “ 

61 

IS 


49 

0 

4 

Trace 

0 

Bile + + + 


* Trace = Mucoprotein concentration below 15 mg/ioo cc. gastric juice. For computation this 
value was arbitrarily accepted as equal to 10 mg/ioo cc. 

’ a = before operation; b = same case after operation 


mens were collected 20, 40, 60 and go minutes after injection. In all speci- 
mens the concentrations of hydrochloric acid, pepsin and mucoprotein were 
determined. 

Acidity was determined in the usual way by titration with Toepfer reagent 
and phenolphthalein. Gastric mucoprotein was determined by the colorimet- 
ric method of Glass and Boyd (i), and in the case of bQe contamination by 
its volmnetric modification (4, 5). Pepsin was determined by a modification of 
the Anson-Mirsky hemoglobin method described elsewhere (8). 

Although precautions against possible contamination by saliva were taken 
as described above, it was not possible to eliminate completely this source of 
error. The error would be attributable almost entirely to dilution of the gas- 
tric juice since saliva contains no mucoprotein (i). The presence of the stomach 
tube may have had an effect on gastric secretion but this would have been a 
constant error since the tube was left in place throughout the procedure. 
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yohtnei 

Ttedataarepresented intablei. Itwffl benoted fiat in those spedoe.. 
from which free acid was absent, mucoprotein was also either absent or nre^ 
ent m only very small amounts. Likewise, in most of the anacid specimens Deo- 
sin concentration was relatively low. This was most striking in specimens from 
those subjects who had undergone vagotomy or partial gastric resection The 
correlation between low values for pepsin and acid, and pepsin andmncopro- 


Table 2. Ratio of concentrations of mucoprotein to pepsin in 64 acid 

SPECIMENS OF GASTRIC JUICE COLLECTET) IN 24 INDIVIDVALS UNDER FASTING 
CONDITIONS AND AFTER I.V. ADMINISTRATION OF 16 U INSULIN 


CASE NO. 

SPEQUEN no. 

MUCOPEOTEtN': 
PEPSIN IN GASTRIC 
JCICE 

CASE NO. 

, t 

SpEcntEN NO. 

HUCOPROTEINl PEPSIN IN CASTIIC 
jmc£ 


Fasting Gastric Contents 


Gastric Contents after Insulin Slmulatm^ 

9 

r 

4.4 

I 

25, 26 

2.0, 2.6 

11 

2 

2.7 

2 

27, 28, 29 

6.2, 1.7, 1.4 

12 

3 

2.9 

3a 

30, 31, 32, 33 

2.6, i.s, 1.6, 3.1 

16 

4 

3-3 

4 

34 , 35 , 36, 37 

1-9, 3 - 6 , 3-0, 3-6 

6 

s 

I.O 

7a 

38, 39 , 40 

0.4, 2.4, 3.0, 3.1 

s6 

6 

1.7 

8 

41, 42, 43 

0.4, 2.S, 2.4 

2a 

7 . 8 

1.7, r.9 

loa 

44 , 45 , 46 

I.O, 3.9, 2.7 

3a 

9, 10 

1 - 3 . 2 -S 

34a 

47 , 48 

2.6, 1.8 

4a 

II, 12 

2.5, 2.8 

22a 

49 , SO, SI 

2.1, 2.7, 2.6 

7a 

13 

3-2 

Sa 

S 2 , 53 

1.4, 1.4 

8 

14 

20.0 

37 

54 , 55 , 56 

1.4, 1.4, 1. 1 

loa 

15 

1.7 

6 

57 , 58, 59 

2.2, 3 - 3 , 2.4 

34a 

z6 

3-2 

18 

60 

4-2 

23 a 

17 

0.6 

20 

61 

4.1 

36 

18, 19 

0.4, 0.3 

23 

62, 63 

mucoprotein; 74 and 10 mg., 

27 

20 

2.8 



in absence of pepsin 

28 

21 

2 -S 




Sa 

22, 23 

2 - 7 , 2.7 




29 

24 

I-S 



■ 


^ Both concentrations were calculated in tag / loo cc. gastric juice. ^ _ 

* Several values reported in each case refer to several specimens collected after i.v. administra- 


tion of 16 u insulin. 


tein is less uniform than that for low values of mucoprotein and acid. In cer- 
tain instances (mainly in duodenal or gastric ulcer) relative y ig 
concentrations of pepsin were detected in the absence of free aci an wi 

very low mucoprotein concentration. , . , / v „ 

On most occasions when free acid values were relatively high (above 40), 
mucoprotein concentration (between 70 and 250 mg.%) as we as p p 
(betwL 50 and 4^5 was also high. Apart from the «lat.vety ^7^; 
tions mentioned, no parallelism was noted among the three pr 
gastric glands either in normal, diseased or partly .„ens 

Table 2 gives ratios of mucoprotein to pepsm in 64 of th g P 
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collected from 24 individuals before and after insulin stimulation. Specimens, 
the titratable free acid of which was 5 mEq/liter or lower, were omitted because 
of the possibility of pepsin inactivation at a comparatively high pH. To calcu- 
late these ratios, the concentration of both substances was expressed in mg/ioo 
cc., pepsin having been calculated in terms of crystalline pepsin of a specific 
activity P.!!.™ = 0.184 (8-10). It will be noted that there is no quantitative 
relationship between the two measured compounds. 

Earlier workers have pointed out a close relationship between pepsin 
and mucoprotein (11-14) with regard to some of their physical properties, crys- 
talline structure and the response of the cells producing them to neural 
and humoral stimuli. 

Despite similarities it has been shown that mucoprotein contains a moiety 
of hydrolyzable polysaccharide not present in pepsin and that the isoelectric 
point of mucoprotein (3.5 to 4) (2) differs from that of pepsin (2.7). Moreover, 
pepsin has been shown to have a higher nitrogen content than mucoprotein 
(2) and to be soluble in a concentration of acetone (60%) (15) which precipi- 
tates mucoprotein (i). 

The disparity in concentration between mucoprotein and pepsin observed 
in the experiments detailed above is further evidence that pepsin and muco- 
protein, while possibly related, are certainly not identical substances. It seems 
clear that they can be secreted independently of each other. These findings con- 
firm the recent observations of Grossberg, Komarov and Shay (16) who used 
different chemical methods. 

a) Pepsin and Mucoprotein. Further data on the relationship of pepsin 
and mucoprotein were advanced from the analysis of gastric juice after insulin 
injection. It was evident that no one-to-one correlation existed between the 
concentration of these products. In fact, at times a relatively wide disparity 
was recorded between the values obtained for pepsin and mucoprotein in the 
same subject during one experiment. 

b) Patterns of Secretion of Acid, Pepsin and Mucoprotein. The data corre- 
lating all three products of the gastric glands following insulin injection are pre- 
sented in table 3. They fall generally into three categories: i) Positive pattern 
characterized by an increase in concentration of pepsin, mucoprotein and 
free and total acid. Normal subjects and those with ‘nervous indigestion’ and 
pyloric and duodenal ulcer fell into this category. In figure i are shown 
curves of all three glandiilar products of the stomach after insulin stimula- 
tion. 2) Dissociated pattern characterized by an increase in concentration of 
mucoprotein and/or pepsin without significant change in acid secretion (fig. 
i). All of the subjects who had localized antral lesions (polyps, ulcer) and 
most of those who had undergone subtotal gastrectomy fell into this cate- 
gory as shown in table 3. 3) Negative pattern characterized by absence of 
stimulating effect of insulin on any of the three gastric constituents meas- 
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» Tr. (Trace) «= mucoprotcin concentration below is mg/roo cc, gastric juice. For computation this value was arbitrarily accepted as equal to lo mg/ioo cc. 
• a ** before operation; 6 ■» same case after operation. 
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ured. All of the subjects whose partially resected stom- 
achs displayed a diffuse atrophic or inflammatory 
mucosal lesion, confirmed by biopsy at operation, fell 
into this category as did all of the vagotomized sub- 
jects. Those subjects with peptic ulcer on whom obser- 
vations were made prior to and subsequent to vago- 
tomy all displayed positive reaction patterns before 
operation and negative ones afterwards. Figure i 
shows this pattern of response in diffuse atrophic mu- 
cosal lesions of the stomach and after complete vago- 
tomy. 

The dissociation observed under some circum- 
stances among the various secretory products of the 
gastric glands is akin to the dissociation occasionally 
encountered between motor activity and acid secre- 
tion described in detail elsewhere (17). 

It is of special interest that in the intact stomach 
following intravenous administration of insulin, the 
peak of the increase in mucoprotein and pepsin usually 
corresponded in point of time with the maximal symp- 
toms of hypoglycemia. The peak of acidity usually 
occurred approximately 20 minutes later. This may 
indicate as suggested elsewhere (18) that the muco- 
protein and pepsin effects are direct vagal phenomena 
and that the stimulation of hydrochloric acid requires 
an intermediate step, perhaps as has been often sus- 
pected, the formation of histamine (ii) or a histamine- 
like substance (gastrin) (19), which after reabsorption 
into the blood affects the parietal cells. 

The fact that the stimulating effect of insulin on 
acid secretion is not only abolished by vagotomy but 
also by partial resection suggests that as a test of 
completeness of vagus section under these circum- 
stances, the determination of mucoprotein or pepsin 
response to insulin may be more useful than that of 
acid alone (7). 


SUMMARY 

In the fasting stomach the various products of 
the gastric glands, hydrochloric acid, pepsin and mu- 
coprotein may be altogether dissociated with regard 
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Volujr.t! 

to their respective concentrations. In the intact stomach, however 
acidi^ was generally accompanied by hypersecretion of both pepsin and T' 
protem. Conversely when no hydrochloric add was present ftL was « 
Mmucoprotem although pepsin might be present in significant qnanlifa 
vnile pepsin and mucoprotein may be closely related in their chemical and 

physical properties the two are not identical but separate constituents at ft. 
gastric juice. 


POSITIVE PATTERN IN DISSOCIATED PATTERN IN 

DUODENAL ULCER PARTIALLY RESECTED STOMACH 



120 40 



NEGATIVE PATTERN IN 
VA60T0MIZED STOMACH 


60 20 


0 0 

F 20 40 60 90 P 

TIME IN MINUTES 



F 20 ,40 60 
TIME IN MINUTES 


=*4-m 
90^ P 


Fig. 1 . Sample experiments showing positive, negative and dissociated patterns of gastric 
secretion. T. X.=total acid. F. A. ={ree acid. JlfPJV=® mucoprotein. i^=pepsin. 


Following central vagal stimulation of the intact stomach by intravenously 
administered insulin, all three products of the gastric glands were elaborated 
in greatly increased concentration. In the presence of a diffuse inflammatory 
lesion and following bilateral vagotomy, insulin failed to stimulate the elabora- 
tion of any of tlie three products. A dissociated pattern of secretion following 
insulin, characterized by increased mucoprotein and/or pepsin without signifi- 
cant change in acid secretion, was recognized. It occurred chiefly following 
subtotal gastric resection and in the presence of antral gastritis, polyps or 
ulcers in the antral region. The failure of insulin under these circumstances to 
induce an increase in acid concentration accompanying the increase in pepsin 
and mucoprotein indicates that when the distal end of the stomach is damage 
or absent the measurement of mucoprotein or pepsin would be more use u 
than acid as a test of intactness of vagus fibers. 
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Effect of Variatmi in Swing Radius and Arc on 
incidence of Swing Sickness^ 


A. M. FRASER* AND G. _W. MANNING’. From the Royal Canaikn 
Atr Force, InsMule of Aviaiion Medicine, Toronto, Canada 


J^T IS GENERALLY ACCEPTED that changes in the forces, acting through the 
longitudinal axis of the body, are a major factor in the production of motion 
sickness. It appeared desirable, therefore, to determine, if possible, the quality 
and quantity of these changes which are required to elicit the motion-sickness 
syndrome. It was felt that such an investigation might not only provide infor- 
mation of value in the prophylaxis of motion sickness, but might also help to 
elucidate the etiology of the condition. 

Swings have been extensively used in the study of motion sickness, and 
they were selected for this work because they were particularly suitable for 
this investigation. The frequency of oscillation of a swing or pendulum is de- 
termined by the distance from the fulcrum. The quantity of the changes in this 
force acting in the longitudinabaxis of the swing or pendulum is dependent on 
the angle through which the pendulum oscillates. Thus one may vary the 
frequency or the quantity of change in this force to which a subject is exposed 
on the swing, by varying the radius or arc, respectively. 


METHODS 


Two hundred and fifty unselected normal aircrew acted as subjects. 
These men were engaged in preliminary ground studies, prior to flying training. 
They had not been employed in any previous motion-sickness studies, and were 
informed that the results would in no way influence their medical category. 
They were swung in the sitting position, with eyes open, and with the head 
comfortably fixed so that the line joining the outer canthus of the eye and the 
external auditory meatus was perpendicular to the radius of the swing. Swing- 
ing was continued for 30 minutes unless extreme nausea and/or vomidng 
necessitated stopping before this time. The men were interviewed by a medical 
officer after tlieir swing, and their response categorized as follows: Type m, 
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severe nausea and/or vomiting; Type ii, mild nausea and/or vomiting; and 
Type I, all others. 

A specially built two-pole (single fulcrum) swing was used, which could 
readily be adjusted to a radius of 6, 10, or 16 feet. The total angles of oscilla- 
tion used were 50, 90 and 130 degrees. 



Angle - 50“ 


S>ring Radius - 6 Feet 




Angle - 130® Excursion - hZ Inches 


Fig. I. Measured vertical forces (g units) developed with various combinations of radius 
and amplitude of swing. 


Each man was swung only once. The investigation extended over several 
weeks, as onty 2 men could be swung per hour. The following sequence of 
experiments was maintained until 50 men were tested on each type of swing. 


Radius 

Angle 

/cfl 

degrees 

I to 16 

90 

2 to to 

130 

3 to to 

90 

4 to 10 

50 

5 to 6 

go 


By employing this sequence, errors in comparison, due to variation in time 
of day, ambient temperature, relation to meals, psychological factors etc., 
were minimized. 

A simple spring accelerometer, similar to that described by Cipriani (i), 
was constructed and used to measure and record the relative changes in force 
acting radially, that is from head to foot, at the position of the ear of the sub- 
jects. The ears of the subjects were slightly removed from the center of gravity 
of the swing; this caused a slight difference between the two waves of a com- 
plete oscillation. 
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^ cliiii'.i : 

As is customary in this type of aviaUon physiology, measuremenlssr. 
pressed in units of acceleration rather than in units of force Since mass irm '' 
constant the relation between force and acceleration is 0011“::: 
expressed in units of g the acceleration imparted to freely falling bodies bv 
the earth’s attraction (figs, i and 2). 


Ptn'od for Different Length Su/ings 

\ 6 k 


2*7*’te 
5 'S see" 
4*0 sec 


frttl 22/mm 
** 17/mtn. 

«< Iff/min. 


Amplitude of OseiKation-SO* 

2 - 0 , 


Head ;o Tcot 

Acceleration ii9 



•gXii.-.i 

qI 





Time 


0 


T T JT 

2 T 



0 I 

4 


T 

J 


I \ I / 1 \ 1 / 1 ! 

Swing siy ti/ 

Fig. 2. Calculated porces (g units) for each type of swing used in these studies. 




RESULTS 

Table i summarizes data obtained in the series of tests designed to deter- 
mine the effect of variation of the radius (that is, variation of frequency) upon 
the incidence of swing sickness. 

Similarly table 2 summarizes data collected to demonstrate the effect 
of variation of the angle of oscillation (or quantity of g change) on incidence 
of swing sickness. 

DISCUSSION 

From table i it is apparent that when the angle is kept constant at 90 
degrees, variation in the radius has a significant influence on incidence ot 
swing sickness. The total incidence increased from 4 to 50 per cent on increasing 
the radius from 6 to 10 feet. However, on increasing the radius rom 10 0 i 
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feet the total incidence only increased from 50 to 58 per cent, an insignificant 
increase. In seeking explanation for the low incidence on the 6-foot swing, sev- 
eral factors must be considered. First, of course, the frequency of oscillation is 
greater on the short swing. Secondly, although theoretically the components of 
acceleration and the resultant are the same on the 3 swings, the value of the 
resultant as measured was somewhat smaller on the 6-foot swing; further, the 
longer swings required a greater thrust (by hand) to maintain oscillation than 
did the short swing; the tangential component would be greater in the case of 
longer smngs, and this might explain the slightly greater resultant g value 
obtained with the long swings, as compared with the 6-foot swing. It would 
seem possible, therefore, that differences in frequency of oscillation or of tan- 
gential acceleration or both might account for the observed differences in 


Table i. Eftect of FREQtJENCV or osaLLAxioN on incidence of swing sickness 


KADIUS or 
SWING 

ANGLE or 
OSOLLAnON 

SAKGE or 
g CHANGE 

UAXlUAL 
g CHANGE 

COMPLETE OS- 
arXATIONS 

NUUBEP OP MEN WITH EACH TYPE 
&ESPONSE 

(2f CHANCES) 

I 

n 

m 

Jicl 

6 

H 

0.7 -I. 4 S 

m 

22 

48(96%) 

0 

2(4%) 

10 


0.6S-1.SS 


17 

25(50%) 

8(16%) 

17(34%) 

16 


0-6S-I.SS 


IS 

21(42%) 

11(22%) 

18(36%) 


Table 2 . Effect of quantity of g change on the incidence of swing sickness 


ANGLE or 
OSCILLATION 

EADIUS or 
SWING 

XANCE or 
g CHANGE 

MAXIMAL g 
CHANGE 

COMPLETE OS- 
CILLATIONS/ 
Ml MOTE 

NHMBEK or MEM 

I 

WITH EACH TYP 

II 

Z or 2ESP0NSE 

ni 

so 

10 

0.9 -I. 15 

■■ 

17 

39(78%) 

S(io%) 

6(12%) 

90 

10 

0.65-i.ss 


17 

25(50%) 

8(16%) 

17(34%) 

130 

10 

0.4 -2.1 

■H 

17 

27(54%) 

4(8%) 

19(38%) 


incidence of sickness. However, other work carried out simultaneously in this 
Unit (2) showed that subjects developed no sickness when placed on a vertical 
spring elevator, where the g changes were similar in frequency and quantity 
to those encountered on the 16-foot swing oscillating through 90 degrees. This 
suggests that the tangential component is important in the production of mo- 
tion sickness, and that it may be responsible for the differences in incidence 
encountered using different radii. However, further work is required to deter- 
mine whether this factor or the difference in frequency is the more significant 
in the results of table i. Angular acceleration per se would appear to be of 
little importance. From table i it is apparent that the incidence of sickness 
decreased as the angular acceleration increased. 

Table 2 shows that when the frequency is kept constant, increasing the 
amount of g change by increasing the angle of oscillation from 50 to 90 de- 
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grees, increased incidence from 22 to 50 per cent, whereas increasing the anrle 
from 90 to 130 degrees had no significant effect. These results suggest a « 
old mechanism, that is, increasing the g change within limits Increases nd 

ftXrtctr ^ ^ - 


Calculations of the vertical tangential and angular forces developed on 
each of the swings used in the study are shown in figure 2. The measured forces 
are shown in figure i. The tangential (A^P) forces were not measured, but 
from the calculated values it is apparent that these must be considered, for 
there is a significant increase from the 50-degree to the 90-degree swing, gi’ving 
further evidence of the importance of the tangential component. 

From other studies in which straight up and down motion or horizontal 
motion alone of similar magnitude does not produce motion sickness, it would 
appear that a threshold combination of at least 2 (or perhaps all 3) forms of 
motion is necessary for production of motion sickness. 


SUMMARY 

Human subjects were swung on a two-pole swing through angles of 50, 90 
and 130 degrees, using radii of 6, 10 or 16 feet, to determine the importance 
of frequency and of quantity of g change in the occurrence of swing sickness. 

The incidence of swing sickness was increased from 4 to 58 per cent when 
the frequency was decreased from 22 per minute on the 6-foot swing to 15 per 
minute on the 16-foot swing. Although theoretically the quantity of the forces 
acting remains constant when the angle remains constant, air resistance re- 
sults in requiring a greater thrust to operate manually the longer swings; 
this would result in a greater tangential component of force, and the latter 
may be responsible for the increase in incidence as stated above. The low inci- 
dence of sickness on a vertical elevator, where there is no tangential component, 
supports this conclusion. The incidence of swing sickness was reduced from 50 
to 22 per cent by reducing the oscillation angle from go to 50 degrees (or g 
change from 0.9 to 0.25). Increasing the angle from 90 to 130 degrees did not 
increase incidence of sickness. The frequency and quantity of g change on the 
16-foot, 90-degree swing are similar to those of an elevator used in other work 
'(2) in which sickness was almost absent. This suggests that the tangential 
component of force on the swing is necessary for production of sickness. 

We wish to thank Dr. A. C. Burton, Professor of Biophysics, University of Western 
Ontario for figure 2 and the necessary calculations. 
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Physiological Responses of Man to Inspiration of 
Hypoxic Oxygen -Nitrogen Mixture' 


ROBERT E. SMITH.’ h'rom the Naial Medical Research Institute, 
Kational Natal Medical Center, Bethesda, Maryland 


T 

J_HE PHTSiOLOGiCAL RESPONSES to hypoxia have long been of interest 
both to the classical physiologist as well as to the student of cellular metabolism, 
and the tolerance to hypoxia has repeatedly emerged as a salient problem in 
the various aspects of applied physiology. The present study was initially 
undertaken during T943 for the purpose of establishing control data of pos- 
sible application in the then current search for objective measures of physio- 
logical response to various environmental stresses. This paper reports physio- 
logical findings obtained on a series of young men subjected to the stress of 
hypoxia by inhalation of an atmosphere of 9.5 per cent oxygen in nitrogen for 
a period of 20 minutes. 

Among the measurable responses, five were selected and recorded, i.e., 
blood cell changes, arterial oxygen saturation, radial pulse rate, respiratory 
rate and ventilation volume. The first named has been previously reported 
(i), and the remaining four, along with the calculated tidal volume wiU be 
considered here. For these functions, the data have been disposed graphically 
to illustrate the time course of the observed responses and assayed statistically 
to furnish some estimate of the reliability of the measurements and the signi- 
ficance of their displacements. 


PROCEDURE 

The tests were conducted on a series of 26 volunteer naval personnel of 
ages between 18 and 30, and judged fit by prevailing medical standards. Each 

< Received for publication April 27, 1950. 
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Bethesda 14, Maryland. 
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subject was required to breathe, in the sitting position, from an open spirometer 
system via face mask for a) a period of 5 minutes on room air, foHowed bv 
h) 20 minutes on a 9.5 per cent 0, in N. mixture and terminated mth c) a 
recoveiy period of 5 minutes, again on room air. A laoditer spirometer was 

used for the periods on room air and one of 400-liter capacity for the hvnovir 
exposure interval. 



Fig. I. PiiLSE KATE. Arrows indicate time course by minutes 
of average responses over iiypoxic exposure period; vertical 
bars indicate 4: a from respective group means. 


Two trials were con- 
ducted on each subject; 
the time interval between 
trials was about two months 
in one series {ser'm i, 12 
subjects) and from 3 to 8 
days in the remainder. Five 
of the latter group, however, 
have been dropped from 
the main comparisons since 
these were exposed for only 
10 minutes to the low oxy- 
gen mixture. The number 
of subjects, then, becomes 
21, and unless othenvise in- 
dicated the conclusions are 
based on this number. 

After the subjects were 
seated and connected to 
the spirometers, minute 
readings for the 4 meas- 
ures mentioned were ob- 
tained on each as follows: 
a) 2o-second radial pulse 
count; b) 30-second count 
of respiration; c) 60-second 
interval reading of the 
spirometer to give ven- 
tilation volume; d) 60- 


second interval reading of the oximeter (Millikan type, Coleman modification) 
to give arterial oxygen saturation; e) respiratory tidal volume was compute 
from (6) and (c) after correcting (c) to STP dry;/) the blood samples were 
removed via anticubital venipuncture S minutes before starting 6ini® f” 
during the last minute of the 20-minute exposure period. The speci c im 
schedule of the measurements is available in a protocol format reporte e se 


where (2). 
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RESULTS AND DISCUSSION 

Graphic representation of the time course of the responses during the 
respective trials (figs. 1-5) was obtained by plotting the average minute values 
for all patients as a function of time. As is evident from the figures, the relative 
displacement in the various functional levels was greatest in the depression 
of the blood o.xyhemoglobin and in the elevation of pulse rate. These changes 
amounted to about 30 and 20 per cent, respectively, of their pre-exposure 
levels and the mean differences were clearly significant (P < .01). 


Fig. 2. Oximeter readings. 
Arrows indicate time course by 
minutes of average responses over 
hj’poxic e,xposure period: verlical 
bars indicate ± o- from respective 
group means. 



The maximum displacement in the arterial pulse rate appeared to be 
attained after 5 to 10 minutes of the exposure and then to hold steady at around 
100 beats per minute; the oxyhemoglobin level, however, appeared to reach 
its maximum depression a little later (i.e. after 10-15 minutes of exposure) 
and stabilized at a mean of 67 to 68 per cent saturation. It appears, therefore, 
that an hypoxic exposure period of about 10 minutes is all that is necessary to 
obtain maximum displacements of all functions measured. 

Pulse rate was significantly correlated with the oxyhemoglobin saturation 
throughout the period of exposure 

((^6-24) r:,y = —0.765 ± 0.229) 
and including the recovery period 

{{h-zo) Txy = —0.929 ± 0.200) 
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If the pulse rate were increased in response to the reduction in blood oxyhemo- 
globin concentration its compensatory value would depend largely upon the 
net change in cardiac output which may have resulted. In this respect the 
present data may be interpreted from some measurements by Starr and Mc- 
Michael (3) taken on patients at 18,000 feet. These workers obtained data 
similar to those reported here and in addition estimated cardiac output from 
ballisto-cardiographic measurements. From the favorable comparison which 
obtains between the respective pulse rate, oximeter and respiratory data in 


Fig. 3. Respiratory raif 
Arrows indicate time course bj 
minutes of average responses o\er 
hypoxic exposure period; lerlical 
bars indicate ±'a from respectiie 
group means 



Fig. 4. Mikute ventilation 
VOLUUE, Arrows indicate time 
course by minutes of average re- 
sponses over hypoxic exposure 
period; vertical bars indicate ± a 
from respective group means. 



the two studies it appears reasonable to infer that in our experiments also aa 

increase in cardiac output occurred. +nrnuabnut the trials. A 12 

The respiratory response was high y varia ® volume- this change 

to ts per cent increase occu^ed in the m.n^e — greater 
was found to be significant in both trials. T P it increased 

variation about the means than did any .^nt in the first trial 

slightly (8 per cent) in both trials. (4) was used 

but not in the second. The theory o r volume is of course 

to test the significance of the rep.ratory independent measures 

capable of treatment here orfy j reflect the variance oi both, 

from which it was obtained and must there 
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However, the mean values for respiratory rate appeared to be less affected by 
the exposure than was the minute volume (figs. 3,4). The increase in minute 
volume was therefore primarily a function of increased tidal volume. In this 



Fig. S- Tibal VOLUME. 4 rroiw indicate time course by minutes of average responses over hy- 
poxic exposure period; vertical bars indicate ± a from respective group means. 


regard, experiments in which the tidal volume was either measured directly, 
as with the Haldane concertina or was held constant, would be extremely 
pertinent. 

A second objective of the studies reported here was to obtain, if possible, 
some measure of the predictability of the response to hypoxia in terms of the 
initial resting state. It was therefore undertaken to correlate the mean response 
during the initial 5-minute resting period with the means of succeeding inter- 
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vals of 5 minutes during the exposure period. The result of these correlation- 
has been to uidicate that no great predictability of the exposure resnonsp 
terras of the initial level could be demonstrated for any of the 5 functions m 
sured. Similarly the means of the initial j minutes of the exposure , 3 

unsatisfactory as a basis for predicting the response during subsequent periods 
of the exposure. ^ ' 

Again, correlations were obtained between the response during the first 
5 minutes of exposure on the first trial and the response during a subsequent 
5-minute period on the second trial. It was hoped by this means to obtain some 
added information as to the possible usefulness of the period of stress as a 
means of predicting the performance on a second occasion under the same stress. 
However, and as might have been predicted from the test-retest reliability 
assessments described herein, significant departures from zero were not ob- 
tained consistently in the coefficients for any of the functions. 

A measure of the test-retest reliability of the various responses measured 
here was obtained by correlating the means of the first test for specific 5-minute 
intervals with those for the same 5-minute intervals on a second test. From 
this it was concluded that the reliabilities of all of these measures were too 
low to be ideal or even very useful as physiological criteria. 

It should be noted that in several of the foregoing series of correlations 
significant values were obtained; however, there were sufficient inconsistencies 
in this respect to cast doubt upon the true validity of significance in these 


cases. 


summary 


Tests were made to determine the hypoxic effect of 9.5 per cent oxygen 
in nitrogen on human subjects. It was found that in response to the inhalation 
of this mixture during a period of 20 minutes, the pulse rate was significantly 
raised, i.e. by about 20 per cent of the resting value. Similarly the oxyhemo- 
globin saturation was observed to drop sharply with the beginning of the 
exposure period. Changes in the respiratory rate and the ventilation volume 
occurred; these were variable but appear to be significant. 

It is concluded that the main compensation to the low oxygen exposure 
was made by the changes in cardiac output incident to the increased heart 
rate, and that increased ventilatory efficiency constituted a somewhat less im- 
portant factor in this regard. An examination of the variance indicates t 
in general the functions tested do not constitute reliable criteria for p lysio 

logical test use. 


The author wishes to acknowledge the counsel of Dr. Nello Pace and the 
of Mr. C. J. Spear and other former members of the Ph3^siology Facility, Nav 
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Mechanics of Breathing in Man^ 


a. UTlb, WALLACE 0. FENN and HPD^tur^r 
KAHN. From Ihc Deparlmatt of Physiology and Vital Eel ' 


T 

-■-HE MECHANICAL WORK done by the respiratory muscles in producing 
the movements of breathing has been studied relatively little by physiologists. 
Although most text-books of physiology give values for the work done by the 
heart, similar estimates for the work of breathing are lacking. The classic con- 
tributions of Rohrer (1-3) lay the foundation for this subject, but only a few 
pertinent papers, notably those of Neergaard and Wirz (4), Vuilleumier (5), 
Bayliss and Robertson (6), and Dean and Visscher (7), have since appeared, 
The material presented below, although based on data which are neither 
sufficiently precise nor extensive enough to furnish an exact description of the 
mechanics of breathing, constitutes an approximate analysis, which we have 
found valuable as a way of thinking about certain respiratory problems. 


FORCES INVOLVED IN BREATHING 


From the work of previous investigators and on the basis of a priori 
reasoning, we should expect that the respiratory muscles in carrying out the 
breathing movements would have to overcome several types of resisting forces. 
These forces will be mentioned briefly now and considered later in more detail. 
The chest and lungs are elastic in nature and must be stretched during inspir- 
ation to accommodate an increased volume. The air in moving through the 
respiratory tract encounters viscous and turbulent resistance, and there is 
probably some additional non-elastic resistance associated with deformation of 
tissues, and with the sliding of organs over one another when they are displaced. 
Finally, since the system is almost continuously accelerating or decelerating, 
inertia should be mentioned as a possible factor. The calculations of Rohrer 
(3), however, indicate that the force required for acceleration must be ordinarily 
very small, and we shall, in general, consider it negligible. Another factor 0 
relatively inconsequential magnitude is the kinetic energy imparted to the air. 
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Elastic Foiccs. If a person relaxes his respiratory muscles completely, the 
lungs assume a volume close to that which is customary at the end of a normal 
expiration, the mid-capacity or relaxation volume. At this volume the elastic 
forces of the chest must be equal and opposite to those of the lung. When the 
chest-lung system is displaced to any other volume, elastic forces which oppose 
the displacing force are developed. The method of measuring these elastic 
forces as relaxation pressures and a curve showing the relationship between 
relaxation pressure and lung volume have been presented in a prexdous paper 
from this laborator)^ (8). The reciprocal slope, AP/AF, of the relaxation pressure 
curve is the elastic resistance or ‘elastance’ (pressure required to produce unit 
change in volume (6, 7)). Although the relaxation pressure curve is not linear, 
it is approximately so ox'er a considerable part of its range, and as a first ap- 
proximation the elastance may be expressed by the following equation: 

Pel = KV ( 7 ) 

where K is the elastance and Pc. is the pressure developed when the displace- 
ment from the relaxation volume is V. 

Air Viscance and Turbulence. A method for estimating the magnitude of 
the viscous and turbulent forces that must be overcome in moving air through 
the respiratory tract has been described previously (9, 10), and data have been 
presented which indicate that the relationship between these forces and the 
velocity of air flow may be described approximately by the following equation : 

where P^it is the pressure gradient between alveoli and mouth that is required 
to move the air with a velocity {dV/dt). The constants ki and are the air 
viscance- and the turbidenl resistance, respectively. 

An example of the sort of record from which data were obtained for 
purposes of the present investigation is shown in figure i, and the points ob- 
tained from measurement of records made on subject R are shown in figure 3. 
The parabola was fitted to these points by the method of residuals. 

Resistance Associated with Tissue Deformation It does not seem feasible to 
measure directly the non-elastic resistance associated with tissue deformation, 
but an estimate may be obtained in the following fashion. A trained subject is 
placed in a Drinker respirator and is instructed to relax as completely as 

^ Our usage of the ord ‘viscance’ in this paper is implicit in equation 2 and may be used synono- 
mously nith ‘viscous resistance’, it is expressed m dimensions of pressure per unit flow of respired 
gas ‘Viscance’ vas defined by Bayliss and Robertson (6) as “the viscous force per unit deformation’’ 
or “viscous pressure per unit of tidal air volume” Dean and Visscher (7), however, use the same 
term to mean “viscous resistance to a unit velocity of flow ” Although the definition of Bayliss and 
Robert'#^ was stated to make ‘viscance’ analagous to ‘electrical resistance,’ we believe that our 
usage of the term is a better analogy 



A. B. OTIS, W. O. FENN AND H. RAHN 


594 

possible so^ that his breathing movements are produced by the alternaf 
pressure wrth.n the respirator instead of by the action of his r „ 
muscles. The pressure gradient between the respirator and the mouth of il 
subject and the velocity of air flow are simultaneously recorded. The pressure 
recorded at any moment is, of course, that required to overcome tL tota 
resislanre, and since the elastance and air viscance and turbulent resistance can 
be obtained as described above, the non-elastic tissue resistance can be esti- 
mated by difference. Figure 2 shows a sample record obtained in this tme of 
experiment. 



Fig. I (/c/7). Simultaneous records of pressure at mouth {upper tracing and pneumotachogram 
{lower (racing). In pneumotachogram, inspiration is above and expiration below baseline. Sudden 
clianges in jrressure at mouth and simultaneous interruptions of air flow were produced by brief 
closure of solenoid valve located in airway between mouth and pneumotachograph. Method of esti- 
mating alveolar pressure (Por..) is indicated. 

Fig. 2 {riglil). Simultaneous records of pressure gradient between mouth and inside of Drinker 

rcsiiirator {upper tracing) and pneumotachogram {lou’cr tracing). Subject R. 

A useful way of representing some of the data that can be obtained from 
such a record is shown in figure 4 in which pressure is plotted against acciirau- 
iated volume for one breathing cycle. The method of constructing such a 
diagram will now be described. 

The velocity of flow and the simultaneous pressure were measured and 
tabulated for each o.i-second interval of the record of the respiratory cycle 
shown in figure 3. Then starting at the beginning of inspiration each 0,1- 
second interval of the flow curve was integrated by multiplying the mean 
velocity of flow during each period by o.i second. This gave the ^ 

flowed during each o.i -second period. These volumes were then a ec m 
cumulative fashion and the total volume at the end of each time interva ja 
plotted against the corresponding pressure gradient that existe at t e en 
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that interval. The plotted points determine the solid lines that form the large 
loop in figure 4. 

This closed curve represents the relationship between the changes in the 
volume of the lung during the respiratory cycle and the external forces (as 
represented by the pressure gradient between the respirator and mouth) acting 
to produce this change. At two moments (when the cycle reverses from in- 


Fig 3 RelvtiOxship between instanUineous rate 
of flow of respired gas and pressure gradient between 
aheoli and mouth for subject R Curve drawn through 
points represents equation 





Fig 4 Relationship betw een volume of respired 
gas and pressure gradient during one respiratory 
cj cle for Subject R For explanation, see text 


spiration to expiration and vice versa) no air is being moved in either direction. 
At these instants, therefore, the total force acting is being used to maintain 
elastic tension that has been developed, inertia being assumed to be negligible. 
If we assume a linear relationship between elastic pressure and lung volume, 
then the diagonal in figure 4 represents this relationship. Approximately, it is a 
segment of the relaxation pressure curve. 

Some of the information represented by figure 4 may be summarized as 
follows. As the lung volume is increased during inspiration, the total pressure 
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gradient between the mouth and the inside of the respirator is represented b • 
the abscissal distance from the axis of ordinates to the inspiratory loop Of t\l 
total inspiratory pressure (P,„.) at any given lung volume, a certain amount' 
represented by the abscissal distance from the axis of ordinates to the 
diagonal, is required to overcome elastance; the remainder (?,■„. - P,,) is the 
pressure required to overcome air and tissue viscance and turbulent resistance, 

Expiration is produced by the elastic forces that were developed in the 
chest and lung during inspiration. However, the total elastic force is not avail- 
able, in this case, for overcoming the viscous and turbulent resistances of e.\- 
piration, because the pressure within the respirator continues to be negative 
especially during the first part of expiration. The pressure actually used in 
overcoming viscance and turbulence at any moment during expiration is of 
course {Pd. — Pcx) where Pcx. is the abscissal distance from the axis of or- 
dinates to the expiratory loop, i.e. the pressure gradient between the mouth and 
the inside of the respirator during expiration. Under the conditions of the 
particular experiment illustrated in figure 4, the lung volume does not quite 
get back to the relaxation volume by the end of expiration; the respirator 
starts an inspiratory movement before expiration is as complete as it would be 
if more time were allowed. 

The relationship between numerous values of - Pci) or {P,u - 
Pei.) and the corresponding velocities of flow is represented by the points 
plotted in figure 5. These data were obtained from figures 2 and 4 and other 
similarly plotted cycles measured on subject R. The parabolic curve drawn 
through the point S was fitted by the method of residuals and may be gener- 
ally represented by 



the slope of which represents the total viscous and turbulent resistance of 

breathing. , . ^ 

By subtracting the curve of figure 3 from that of figure 5 a relationship 

the following form is obtained 


Fi = ks 


%) W 

Its slope represents the resistance associated with the non-elastic component of 

tissue deformation. interval of 

By means of equation 4, Pi was calculated for eac o.i- 

figure e aud the resulting values were added to ‘he —ntog v*s 
Fc. during inspiration and subtracted urmg ^ i,Q„esponding 

differences were plotted against the curnu atiye vo ume 
time interval to form the loop indicated by the broken line in lig 
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abscissal distance from the diagonal to this loop is the pressure required to 
overcome non-elastic resistance of tissue. 

Constants for equalions i, 2, 3 and 4 evaluated as outlined above are re- 
corded in table i for subject R and for two other subjects who were similarly- 
studied. The values shown for each subject are based on measurements of 
several cycles. 

Total Force Required for Breathing. The total force required for breathing 
is the sum of equations i and 3 or 

P, = KV+K'(jf) + K''(jfj 

O 

z 
o 

Fig. s- Relatiokship between instantaneous rate of flow of y 
respired gas and pressure required to overcome non-elastic re- ^ 
sistance to breathing. Subject R. Curve drawn through points ^ 
represents equation: co 



¥ 
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Table 1. Values of RESISTA^xE constants estiuated for three subjects 


SrBJlCT 

1 ELASTIC 
: EESISTAKCE 

ADDITIONAL RESISTANCE 
or AIR 

1 

1 ADDITIONAL RESISTANCE 

1 or TISSUE 

TOTAL additional 
RESISTANCE 


K 

kx 


kl 

^4 

K' 

K’ 



cm.BiO/a/ 

cm.UzO/a/ 


cm.BiO/a/ 




sec.) 

stc.y 

sec.) 

sec.B 

sec.) 

sec.)' 

R 

8.00 

1-7 

1-9 

1.0 

0 . 2 

2.7 

2.1 

B 

9-38 

3-2 

0.8 

1.0 

0 

4.2 

0.8 

D 

8.19 

2.9 

X.4 

0.6 

0. 1 

3.5 

i-S 

Mean 

8.52 

2.6 

1.4 

■9 

.1 

3-3 

x-S 


THE WORK OF BREATHING 

Another useful feature of the method shown in figure 4 of representing 
a breathing cycle is that area on sucb a diagram has the dimensions of work. 
For example, the area of the triangle formed by the diagonal, the horizontal 
broken line and the axis of ordinates in figure 4 represents the amount of work 
done during inspiration in overcoming elastic resistance. The area bounded by 
the diagonal and the curved line labeled inspiration is the additional work 
required to overcome the -viscous and turbulent resistance of inspiration. This 
area may be subdi-vided into work done on non-elastic resistance of tissue 
(area between diagonal and broken line) and work done in overcoming air 
viscance and turbulent resistance. 


(5) 
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The elastic energy stored during inspiration and represented by the trian^l. 
IS available as a power supply for expiration. However, only that nnrt; 

ounded by the diagonal and the curve labeled expiration is actually used I! 
this instance to overcome viscous and turbulent forces; the remainder is 
expended in working against the continued action of the respirator which on 
poses expiration during the first part of this phase of the breathing cycle' 
Table 2 summarizes measurements of the work of breathing and its frac- 
tions obtained by planimetric integration of diagrams such as that illustrated 
by figure 4- These data indicate that on the average 63 per cent of the total 
work done in inspiration was used in overcoming elastic forces, 29 per cent in 


Table 2. Work of breathing in drinker respirator at frequency of 15 per minute 


SCrBJECT 

TIPAL 

VOLUUE 

TOTAL WORK 
OF 

INSPIRATION 

1 ELASTIC WORK 
OF 

INSPIRATION 

1 

WORK ON 

AIR DURING 
INSPIRATION 

1 WORK OV 

1 TISSUES DUJI.VG 
! INSPIRKTIOM 


cm.* 

gttu cm. 

% 0/ total 

% of total 

% of htil 

R 

1550 

i 7 i 29 S 

63,0 

27.4 

' 9 -S 


1340 

15,170 

' 59-7 

31.5 

1 8.8 


950 

6,26s 

61. s 

27.8 

' 10-7 


500 

2,091 

63.6 

28. 8 

7.6 

B 

2275 

47,660 

1 

66.8 

25.8 

7.4 


1620 

23,665 

69.2 

22.7 

8.1 


840 

6,220 

60.1 

32-1 

7 .S 

D 

995 

7,462 

59-6 

34-9 

5-5 


1365 

9,22s 

65.8 

2J-0 , 

9.2 


1095 

7,720 

64.0 ; 

28 . 7 

1 

7.3 

Mean Values 



63-3 

28.5 

8,2 


overcoming resistance associated with the movement of air, and 8 per cent in 
deforming tissues. These percentages apply, of course, only to the particular 
pattern of breathing employed in this experiment. As will be pointed out later, 
both the absolute and relative magnitudes of these factors depend to some 
extent on the particular pattern of breathing employed. 

If one assumes that equation 5 is reasonably valid, the information con- 
tained in it makes possible the estimation of the work of breathing or any 
breathing cycle for which the velocity pattern (pneumotachogram) is knoim. 
One method would be to calculate the corresponding pressures for numerous 
points along the velocity curve and then to follow the procedure escn 
above that was used in getting the data of table 2. This 
very tedious, however, and if one can describe the Jre 

mathematical expression, the work of breathing may be ca cu a e 

direct fashion. 
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For example, assume as a first approximation that the velocity pattern of 
inspiration is a sine wave (fig. 6 ). Then 

—f = a sm 6/ to) 

at 

where dV /dl is the velocity of air flow, a is the maximal velocity, and J/air = / 
is the frequency of breathing. 

■ The tidal volume, Vt, is given by 

Fr = f a sin bl dl = ^ = ~ ( 7 ) 

Jo b TTj 

The differential expression for work is dW = PdV which by substitution 
from equations 5 and 6 becomes 

diV = KV dV + K'a‘ sin* U dl + K"a^ sin bl dl {8) 

In this expression for the differential of work, the first term represents 
elastic work, the second viscous work, and the third work done in overcoming 


Fig. 6. Ideaiized represektation of pneumotachogram as 
sine wave. Ordinates: Flow of respired gas in cc/sec. Abscissae: 
Time in sec. In this example a mean ventilation of 6 i/min. with 
tidals of soo cc. and frequency of 12 breaths/min. is assumed. 
Constants of equation 6 in this case are, therefore: a — 314 cc/sec. 
and i = 0.4 a- reciprocal seconds. 



turbulent resistance. The total work done during a single inspiration of volume 
Fr and duration ar/b may be obtained by integration of equation 8 as indicated 
below 

pVr prfb 

W = KVdV+ {K’a^ sin' bl + K” sin' bl) dl (p) 

Jo Jo 

TF = ^KVl + iK ' TT^fVl + Fr (jo) 

The mean rate of doing work is the work per breath times the frequency of 
breathing. 

Mean rate of work = 

iKfVl + iiC'7r'(/Frf + ^K"sr{fVr)^ (ij) 

This is the inspiratory work per unit time but if it is assumed that expir- 
ation is passive, it is of course an expression of the total work of breathing per 
unit time as a function of tidal volume and frequency. If the tidal volume is 
divided into an effective or alveolar portion, Va, and a dead space portion, 
kz), equation ii becomes 
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+ +fv^f + + fv^y 


{l2) 


where F^/ — F^ = alveolar ventilation. 

^ By equation 12 the rate of work of breathing can be calculated for anv 
given alveolar ventilation, frequency and dead space. Figure 7 shows the ca - 
culated work per minute at various breathing frequencies when the alveolar 
ventilation is 6 liters per minute and the dead space is assumed to be constant 
at 200 cc., values which are reasonably typical for a resting subject. 

In making these calculations the mean values for K, K' and K" given in 
table I were converted to appropriate units so that F^ could be expressed in 
liters per minute and / in breaths per minute and rounded off for ease of 
computation. The equation as used was gm. cm. of work per minute = 



+ iSo(Fx + 0.2 ff + 3(F.i + 0.2 fY (13) 


Of special interest is the fact, illustrated by this graph, that for a constant 
alveolar ventilation there is a frequency which is optimal (in the sense of 
minimal work). This minimum occurs because when the frequency is too low, 
much elastic work is required to produce the large tidal volumes and when the 
frequency is too high, much work is uselessly done in ventilating the dead space 
tvith each breath. 

The fact that the optimal frequency in this case is in the range ordinarily 
observed in the breathing of resting subjects suggests itself as an example of 
the principle of minimal effort according to which so many of the body func- 
tions seem to be regulated. 

By differentiating equation 12 with respect to /, setting the result equal to 
o, and solving for F a we have the general solution for the conditions of minimal 
rate of doing work. 

= K - aK"VdP 


Various values of / have been substituted in equation 14 and the resulting 
curve is shown in figure 8 (curve labeled TFm.n.). This curve predicts that the 
greater the alveolar ventilation, the higher will be the frequency for the con- 
dition of minimal work. Since this curve actually applies to the condition 0 
minimal inspiratory work, it can not be accepted for minimal total wor ' un ess 

expiration is completely passive. The curve labeled Wy + 

8 shows the frequency at which the work required for expiration (assuming 
is the same as that required to overcome viscous and turbulent 
inspiration) becomes equal to the elastic energy stored during 
Conditions represented by the area above this curve will, there ore, r q 
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active participation of the expiratory muscles. For alveolar ventilations greater 
than about 15 liters per minute, the curve I'Fmin., while defining conditions for 
minimal inspiratory work, will predict frequencies that are too high for minimal 
work of inspiration plus expiration. The curve Wr + TF j. = TFb defines, in a 
sense, conditions for minimal expiratory work in that it indicates conditions 
such that the elastic energy stored in inspiration is just enough to meet the 

needs of expiration. At the 
higher alveolar ventilations, 
however, the conditions de- 
manded by this curve be- 
come absurd, because the 
required tidal volume be- 
comes impossibly large. 
The conditions for a tidal 
volume of 4 liters are indi- 
cated for purposes of illus- 
tration, by the line Fj. = 4. 

One might expect then 
that for the lower range of 
ventilations the optimalfre- 
quency would be defined by 
curve Wmin., but at the 
higher ventilations the op- 
timal frequencies would lie 
between the curve Wr -f 
IFr = We and the dotted 
section of curve Wmin- 
Several sets of data 
from the literature show- 
ing frequencies voluntarily 
chosen by subjects whose 
breathing was stimulated 
by added dead space, by CO2 added to the inspired air, or by exercise bear 
out this expectation in a general way, as indicated by the plotted points in 
figure 8. 

Although these considerations yield no exact description they do perhaps 
indicate roughly how various factors may interact to determine the frequency 
at which we breathe under various ventilatory requirements. It would be 
desirable, of course, to determine what the exact velocity patterns of inspi- 
ration and of e.xpiration should be for optimal conditions. To do this would 
require a much more involved treatment which is probably not justified with- 
out more exact data as a basis. 



FREQUENCY PER MIN. 

Fig. 7. Relationship of elastic, viscous, turbulent, and 
total work of breathing/min. to frequency of breathing when 
alveolar ventilation is 6 l/min., and dead space is 200 cc. Curves 
' calculated according to equation 13. 
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The above discussion has been predicated on the principle of mm? i 
effort but we do not wish to imply that this is the only prin^lfC::' 
Another important consideration, especially in unusual situations miehi t 
called the ‘principle of maximal comfort.’ If a patient with pleurisy Lev 
a.mple, finds that one pattern of breathing is less painful than another it k 
likely that he will sacrifice a few calories for the sake of comfort. ’ 

^ Mechanical Efficiency of Breathing. Several investigators (11-13) have 
estimated the total energy required for breathing at various depths and fre- 
quencies by measuring the extra oxygen consumption during hyperpnea either 
voluntarily produced or stimulated by CO2 added to the inspired air. The 
most comprehensive series of such measurements is that of Liljestrand (ii) 
whose data are represented in part by the solid lines in figure 9. 

On the same graph are plotted dotted lines representing the mechanical 
work (calculated by equation ii) required for the corresponding conditions of 



Fig. 8. Factors determining optiiml BEEArroNG 
FREQUENCIES foF various alveolar ventilations. For 
explanation of curves, see text. Plotted points represent 
data from literature as follows: open circles, sul^ul R.M., 
Barcroft and Margaria (21); solid circles, subject J.B., 
Barcroft and Margaria (21); circles with X, subject JJ,, 
Lindhard (22); diamonds, subject I.B., Hansen (23); 
crosses, subject G.L., Liljestrand (ii). Alveolar ventila- 
tions calculated from recorded total ventilations by as- 
suming dead space of 200 cc. 


ventilation and frequency. The scale of ordinates for the calculated mechanical 
work has been adjusted so that it is equal to 5,4 per cent of that for the e.xtra 
oxygen consumption. This figure is the average of 19 values obtained by 
dividing each of Liljestrand’s measurements into the mechanical work cal- 
culated for the corresponding condition. The individual values for mechanical 
efficiency obtained in this fashion varied from 3.0 per cent for a frequency of 5 
and a ventilation of 20 liters per minute to 7.6 per cent for a frequency 0 20 

and a ventilation of 30 liters per minute. , 

This variation in the calculated efficiency is reflected, of course, m 
discrepancies between the curves for total energy and those for mechanica wo ^ 
in figure 9, because exact agreement between these two families of curves w 
require that the calculated efficiency be constant for all conditions. 

Part of this apparent variability in efficiency under 1 eren 
can, of course, be attributed to the inexactness of our equation or c 
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mechanical work, but part is probably real, since it is well known that the 
ef&ciency of muscular work varies with muscle length and load. 

In Liljestrand’s experiments the breathing was voluntarily regulated and 
for the most part the tidal-frequency combinations employed were not those 
that the body naturally chooses (cf. figs. 8 and 9). It is perhaps of significance 
that the highest calculated efficiency appears for the condition (30 1/min. at 
a frequency of 20) that most closely corresponds to a naturally occurring one. 
This suggests that the respiratory apparatus may be so designed that the 



VENTILATION LITERS / MIN. 

Fig. 9. WoKK or BREATHING at different ventilations and frequencies of breathing. Left-hand 
scale of ordinates refers to solid lines which represent total energy turnover as obtained by conversion 
of Liljestrand’s (ii) data for extra oxj'gen consumption. Right-hand scale refers to dotted lines which 
represent mechanical work calculated from equation it. 


conditions for minimal mechanical work are also those for maximal muscular 
efficiency. 

At any rate it would seem that although 5 per cent is a representative 
efficiency for a considerable range of frequency-tidal combinations, the breath- 
ing under normal conditions of regulation may be usually carried out with a 
higher efficiency, in the order of 8 to 10 per cent. 

It might be supposed that the relatively low mechanical efficiency of 
respiration could be attributed to insufficient opportunity for shortening of 
the intercostal muscles. Since they are arranged parallel to the circumference 
of the chest it might be supposed that they would have difficulty in shortening 
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when the chest expands. Actually they are attached to the ribs in such a w • 
that they can shorten an appreciable fraction of their length like any otlw 
muscles in the body. It is a general rule that muscles can shorten in situ only 
50 per cent of the length of the individual fibers and the muscles of respiration 
are no exception in this respect. Isolated frog muscles, when stimulated, usually 
shorten, with no load, about one third of their resting length, and give maximal 
work and maximal efficiency when the load is such as to reduce this shortenin'^ 
to about one sixth. From this point of view, the muscles of respiration mus°t 
operate under fairly efficient mechanical circumstances. 

Maximal W ork Obtainable from the Mtisdes of Breathing. The mechanical 
work done in the usual resting breathing may be estimated from figure 7 as 
being in the order of 0.4 to 0.5 kilogram meters per minute. Assuming an 
efficiency of 5 per cent this corresponds to a total energy requirement of about 
0.0234 large calories per minute or 33.7 large calories per day. This amounts to 
only I or 2 per cent of the total resting metabolism; the fuel requirement for 
24 hours of quiet breathing is only 10 grams of sugar, a fraction of a candy bar. 

For comparison, it is interesting to estimate the maximal work output that 
can be obtained when the breathing system is operated at full capacity. This 
estimate may be made by three independent methods, which will now be 
described. 

The maximal ventilation that an individual can perform is in the order of 
150 liters per minute carried out at a frequency of 30 per minute. Under these 
conditions expiration can not be entirely passive, but if one assumes that the 
same amount of viscous and turbulent resistance must be overcome during 
expiration as during inspiration, and that the elastic energy stored during 
inspiration is available to aid expiration then inspiratory work rate can be 
calculated by equation ii and expiratory work rate by: 

Rate of expiratory work = 

tt' (/ Yd' + W ’t' (/ Vt? - hKf F-r Us) 


The total work per unit time is the sum of equations ii and 15, or 
Work rate = 

^K'TT^fVrf +iK''AfVrf 

By equation 16 it is calculated that the mechanical work required for maximal 
ventilation is 270 kilogram meters per minute or g.o kilogram meters per 

Another approach is to estimate the potential energy " f 

inspiration and expiration from figure r of Rahn, Ohs, Chadwck 
(8) which shows the maximal inspiratory and expiratory 
various lung volumes. The total area bounded by the curves for the 
Lrces gives the theoretical maximal work available during a single cycle 
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sisting of a maximal inspiration and expiration. This method yields an estimate 
of 10 4 kilogram meters. 

The maximal muscular forces available may also be estimated from an- 
atomical data relating to the length, cross sectional area, and degree of shorten- 
ing of the respiratory muscles. According to von Ebener (14) the lengths of 
the external and internal intercostals are 1.3 cm. and 1.6 cm. respectively, and 
in a full inflation or deflation of the chest the degree of shortening is about 
one eighth to one fourth of the muscle length for the former and one third to 
one half for the latter. The total cross sectional area of all the internal inter- 
costals on one side of the chest is given by Weber, cited from Strasser (15, 
p. 143) as 97 cm.=, and the corresponding figure for the external intercostals is 
47 cm-. Taking the force of contraction of these muscles as being similar to 
that for other human muscles (about 10 kg/cm- cross section) we have cal- 
culated the maximal work and entered the value in table 3, where the estimates 
by the other two methods are shown for comparison. 

The x'alue from the area of the P-V diagram is probably the most reliable 


Table 3 Maximal work available tor breathing 


METHOD or ESTIUATIOV 

work/eseath 

WOfiK/mK AT 30 BREATHS/ 
IQK 


is m 1 

m 

Equation i6 

9 0 

270 

Area of P-V diagram 

10.4 1 

312 

Anatomical data 

8 0 - 13 s 

240 — 405 


since it is based on actual measurements on 15 individuals. The estimate by 
eqmtio)i 16 is of course a large extrapolation from rather scanty data and in- 
volves numerous assumptions. The calculation from the anatomical data must 
also be considered as only approximate. The work of the diaphragm is omitted 
from this calculation because we do not have the necessary data. 

Considering the admittedly rough methods involved, the similarity of these 
values is quite gratifying and gives one confidence that the estimates are at 
least of the correct order of magnitude. 

It is interesting to note that although the maximal ventilation is only 
about 15 to 20 times the resting ventilation, the rate of work required is about ' 
500 times greater for the former. Of course, this maximal work output can be 
'kept up for only short periods of time, but the margin of safety provided for 
emergencies is impressively large. 


COMMENT 

The above presentation should be regarded as only an approximate over- 
all picture of the respiratory apparatus considered from the mechanical point 
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Of View along the lines sketched by Rohrer (3). Experimentally, the m.-t 
inexactly estimated factor is probably the value for the non-elastic resisting 
of tissue since this determination was based on the assumption that the'siil" 
jects were able voluntarily to relax completely and to permit the respirat 
to do all the work. Complete passiAuty is most likely not attained under thea 
conditions, and the overlapping of the two sets of data shown in figures and 
5 is probably in part a manifestation of this inability to relax completely 
Wirz (16) was able to describe the non-elastic resistance of the dog lung by ati 
equation of the same form as our equation 4 but he obtained negative values 
for the constant h. According to Bayliss and Robertson (6) and Dean and 
Visscher (7) at leasta partof the non-elastic resistance of thelung is independent 
of velocity. For these various reasons we do not have confidence in the actual 
. values obtained in our evaluation of non-elastic resistance of tissue. It seems 
likely, however, that we may have overestimated rather than underestimated 
the magnitude of this factor. 

The approach employed in this analysis of the work of breathing, with 
emphasis on energy relationships and efficiency, is not to be justified so much 
by the importance of the magnitude of the work, which is generally relatively 
small, but rather as an aid in clarifying the interrelationship of some of the 
various factors involved. 

In a more detailed analysis many factors would have to be included that 
are here 'omitted. For example, there is now good evidence that ventilation to 
various parts of the lungs is unequal (17, 18). It is also recognized that for 
optimal conditions of gas exchange a certain relationship should be maintained 
between blood flow and ventilation (19, 20). Since the breathing apparatus is a 
blood pump as well as an air pump, it may play an important part in the 
regulation of this ventilation/blood flow ratio. Certain patterns of breathing 
may be more efficient than others in this regard, and the selection by the body 
of particular tidal-frequency combinations may be related to this function. 

Further study of respiratory mechanics should include investigation of the 
more detailed behavior of the respiratory muscles, their sequence of contraction 
and the behavior of the lungs in producing inequalities of ventilation. The work 
done by the breathing apparatus in moving blood as well as air should e 
evaluated, and the relationship between the pattern of air flow and that 0 
blood flow should be considered. 

SUMMARY 

Relaxed human subjects were ventilated by a Drinker respirator while 
the velocity of respired gas flow and the pressure gradient between the mo 
of the subject and the inside of the respirator were continuous y “ ^ 
taneousl^ recorded. From such experiments elastic ^ h 

sistance to breathing were estimated. Resistance related 0 movi g 
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the respirator}’’ tract was measured on the same subjects by the method of 
interruptions. From the experimental data equations are derived that give "an 
approximate description of the human breathing apparatus as a mechanical 
system. These equations permit the estimation of the work of breathing under 
various conditions, optimal frequencies of breathing, maximal mechanical 
work output of the respiratory muscles, and mechanical efi&ciency. 

The authors wish to acknowledge the cooperation of Dr. Donald Proctor in some of the 
preliminary experiments and to thank Mr. William Doherty for technical assistance. 
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T 

HAT INDIVIDUALS VARY markedly in their ability to perform under cold 
stress is well known. Some men seem to be particularly resistant to frostbite, 
can work with unprotected hands for considerable periods in the cold, or with- 
stand relatively long exposure under generalized cold stress without complaint. 
Others may be incapacitated under the same circumstances. It is apparent 
that these individual differences must relate to a large number of factors. 
Experience, training, attitude toward the cold and out-of-door life, mechanical 
ability and general coordination, intelligence, body build and fat distribution 
all play a part. In addition, there may be significant individual differences in 
the specific physiological responses of the body to cold which would markedly 
influence cold tolerance. 

This study attempts to evaluate the extent to which demonstrable differ- 
ences among individuals in physiological responses, similar to those that take 
place under cold stress, correlate with the abilities of these individuals to per- 
form in the cold. This work was carried out at Fort Churchill, Manitoba, 
Canada, during the winter of 1948-49. 

A variety of vascular responses, particularly of the fingers, was studied 
in 24 men and compared with an evaluation of their general and local tolerance 
to cold. These subjects ranged in age from 18 to 45 years, including ir Ameri- 
cans {B, E, H, I, J, K, L, 0 , S, T, U), 10 Canadians (C, D, F, G, N, Q, R, 
V, W, X) and 3 British Subjects {A, M, P). 

The subjects were evaluated from the standpoint of their ability to with- 
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stand cold both generally and locally (retention of manual dexterity or ability 
to manage well with minimal hand protection). Subjective reactions were 
collected on a questionnaire which was designed to determine the extent of 
Arctic experience, susceptibility to frostbite as well as the part or parts most 
frequently involved, and the individual’s own estimate of his ability in the 
cold. Further data were collected from colleagues and superior officers of the 
subjects. 

INSTRUMENTATION 

A constant temperature chamber was utilized for all of the physiological 
studies. Ambient temperature was maintained at 90°F.dz2°F. through the 
course of the experiments. Relative humidity varied between 15 and 30 per 
cent. 

Finger Plethysmography. A Burch-Winsor finger plethysmograph (Cam- 
bridge Instrument Company) was utilized (i). Five cu. cm. of the terminal 
phalanx of the third finger of the right hand were inclosed in the plethysmo- 
graph cup. The cups were individually fitted to minimize compression of tissue 
and were sealed with printer’s roUer compound. The plethysmograph’s sensi- 
tmty was adjusted so that a lo-mm. deviation on the record represented a 
lo-cu. mm. volume change of the 5-cc. segment of finger. The finger was im- 
mobilized on an air-evacuated rubber sand bag at heart level. 

Blood Pressure Recording. A sphygmotonograph (Cambridge Instrument 
Company) was utilized for blood pressure determination in the left arm (2). 
A double inflatable cuff was wrapped around the upper arm. The pressure 
within the cuff, which was recorded on a chart, intermittently adjusted either 
to the systolic or the diastolic pressure, as determined by a control on the 
instrument. When operated in the diastolic position, a determination was 
recorded approximately every 5 seconds. In the systolic position, the deter- 
minations were somewhat more frequent. Systolic and diastolic pressures were 
obtained in the same arm by auscultation before and after each run. 

Respiration Recording. A plastic capsule with a thin rubber diaphragm 
was moimted on the plethysmograph so that the shadow of the diaphragm fell 
on an edge of the camera slit. This capsule was connected by rubber tube to 
a narrow inflated tube surrounding the test subject’s chest. 

Foot Immersion Bath. A snow water bath was utilized. Immersion was 
accomplished by raising the bath from the floor by means of a simple pulley 
system, so that the feet were surrounded by water at 32°F.±i°F. to the level 
of the malleoH. Following immersion, the feet were first warmed by means of 
warm wet towels and then dried. 


PROCEDURE 

The subject, wearing shorts, entered the constant temperature room where 
he remained for at least one hour prior to the actual test. He was then seated 
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comfortably in an arm chair with all the apparatus properly applied and far 
5 minutes control measurements of his pulse amplitude and Ler volul 
were recorded. The subject was then instructed to take a deep breath and 
this stimulus was repeated several times. A problem in mental arithmetic was 
then presented to the subject, e.g. multiply i6 X 17. The time of solution if 
any was arrived at, was recorded. During the course of the test procedure ’at 
a time when the subject was unaware of any impending stimulus, one of the 
observers would abruptly voice a loud yell, which served as a very satisfactory 
startle stimulus. A pain stimulus consisting of pulling a haii; from the leg of 
the subject without warning, was also applied. Cold immersion of the feet was 
produced on 4 occasions during the procedure. 

Prior to each of these, control values were recorded both on the plethysmo- 
graph and blood pressure apparatus. A 30-second warning was given prior to 
immersion. The feet were then immersed above the ankles for one minute. 
The time of onset and severity of pain (if any were felt) were recorded. The 
interval between immersions was approximately 5 minutes. During the first 
two immersions diastolic blood pressures were recorded, and during the last 
two, systolic pressures. An attempt was made during the whole procedure to 
minimize extraneous psychological stimuli. In all subjects studied, at least 4 
cold immersions (of the feet) were performed, and in the 14 on whom a repeat 
study was done, 8 observations were made. 

A test of hand cold tolerance was performed on 6 of the subjects, B, E, 
H, I, K, U, at Lawrence, Massachusetts, approximately 3 months after the 
other studies. Subjects, similarly clothed, sat in a constant temperature room 
at 85°F. in ordinary clothing for one hour prior to the test. The subjects then 
entered a cold room (— io°F.) and sat quietly with the palms of their hands 
resting on the edge of a wooden table and their fingers extended. At one-minute 
intervals they untied a square knot tied with uniform tension by the test ob- 
server. The time at which the subjects were no longer able to perform this 
task was recorded. In every instance the limiting factor was intense pain 
sensation in the fingers. Each subject was tested on two separate days, 

METHODS or INTERPRETATION OP RECORDS 

Interpretation of the Plethysmograpk Tracing. The chief index of the state 
of digital blood flow utilized was the volume of pulsations in cu. mm/s cc. 
tissue. Changes in mean finger volume were also measured. 

Digital pulse volume and digital mean volume determinadons afford a 
continuous record of events, which, in terms of roughly quantitative al e 
tions in blood flow rates, is easy to interpret (4, s)- A decrease m * 
or mean finger volume indicates a decrease in the rate of blood flow ^ 
the part, and an increase in pulse volume or mea,n vo ume, an m ^ 

rate of blood flow through the part. In expressing p se vo 
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ratio of the control values to the observed values, which expresses the rela- 
tive rather than the absolute magnitude of change, has been utilized. This 
method of expression was employed because it is relatively independent of the 
volume of the part studied, and hence, of the errors inherent in the technique 
utilized for measuring the absolute volume of the part. Furthermore, this 
method gave more consistent results in an individual, and in differences between 
individuals, than did figures for absolute pulse volume changes. As recorded 
in this report, a ratio of i.o indicates no change; 2.0, a 50 per cent reduction 
in pulse volume; 3.0, 66.7 per cent reduction, etc. 

The following measurements of spontaneous variations were recorded 
from each plethysmographic tracing: a) The maximal, minimal and average 
pulse volume of each individual occurring during the 5-minute control run; 
and h) an evaluation of spontaneous mean volume changes (so-called ‘alpha 
wayes’ (i)) during the control period in which 3 types were recognized; Clnss I. 
Tracings with alpha wave amplitudes of 15 cu. mm. or less. Class II. Trac- 
ings with alpha wave amplitudes between 15 and 45 cu. mm. Class III. Trac- 
ings with alpha wave amplitudes greater than 45 cu. mm. 

No attempt was made to measure the frequency or amplitude distribution 
of these spontaneous waves because of the extreme minute-to-minute varia- 
tion even within a single individual, which rendered the 5-minute tracing 
inadequate for this purpose. The respiratory tracing permitted consideration 
of spontaneous waves independent of the variations occurring with respirations. 

Measurement of Variations Occurring Following Specific Stimuli. The time 
of onset, voliune change, pulse volume change, and duration of response oc- 
curring after the following stimuli were recorded: i) deep respiration; 2) a 
loud yell given without warning; j) an attempt at solving a problem in mental 
arithmetic; pulling a hair without warning; 5) warning 30 seconds prior to 
foot immersion; 6 ) immersion of feet in ice water. 

Although each of these stimuli is categorized as a single stimulus, it is 
in reality a complex stimulus, since each is markedly conditioned by psycho- 
logical factors. Cold immersion was most complex in this regard; apprehension, 
startle, intense cold sensation, and pain in varying degree were all present. 

Interpretation of Blood Pressure Responses. Blood pressures before and af- 
ter each run were obtained by auscultation. Blood pressure changes occur- 
ring during cold immersion are expressed in mm. Hg and represent the max- 
imal deviation from control levels occurring at any time during immersion. 

Time onset of pain during cold immersion was recorded in seconds from 
the time of immersion. Severity of cold immersion pain was graded and indi- 
cated by the following s3Tnbols: o = no pain; -1- = mild pain; -j-d- = mod- 
erate pain (tolerated without difficulty); = severe pain (commonly 

associated with grimacing, muscle tensing, occasionally vrith pallor and 
sweating). 
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■ RESULTS Ai® Discussion 


EMlmtw,, of Sponlanco,^ Digital Vascular Adjmtnenis Obtained D,m,„ 
Control Forwd. Average pulse volumes as low as 2.3 cu. mm. and as hi ! 
8.4 cu. mm. were recorded m similar segments of the aglts in individuals 
under the same ambient conditions. A high degree of consistency in a men 
inc^vidual observed on separate occasions was demonstrated. Average pulse 
volumes observed on two occasions 2 to 3 weeks apart, showed a difference of 
one cu. mm. or less m 10 of 14 subjects. Similarly, 10 individuals showed the 
same degree of spontaneous mean volume fluctuations on two occasions. 

^ Digital Vascular Responses to Deep Respiration, Mental Arithmetic, ‘Loud 
Noise,’^ anA ‘Pulled Hair.’ The plethysmographic patterns following these 
stimuli were similar. Vasoconstriction developed rapidly, beginning from 3 to 
5 seconds foflowmg the stimulus. Mfnfmal pulse volumes and mean finger 
volumes were reached usually within 10 seconds. The vasodilatation which 
followed was more gradual, and varied with the degree of vasoconstriction and 
the nature of the stimulus. Since for a given individual the range of response to 
any one of these stimuli was frequently nearly as great as the range of response 


for the entire group, no consistent difference between individuals could be 
established. Hence, these responses could not be utilized in the final compari- 
son of physiological responses with cold tolerance. 

Digital Vascular Responses Associated with Cold Immersion of Feet. A num- 
ber of similarities in the patterns were obtained prior to and during cold im- 
mersion of the feet (fig. i). Immediately following the warning given 30 
seconds before immersion, mean finger volume and pulse volume dropped 
percipitously, and then returned toward normal levels at the time of immersion. 
Following immersion, mean finger volume and pulse volume again dropped 
abruptly, reaching minimal levels usually within 15 seconds. Different subjects 
who showed similar degrees of vasoconstriction initially during immersion 
showed wide variation in the extent to which this vasoconstriction diminished 
during the latter part of immersion. In some individuals, almost maximal vaso- 
constriction was regularly maintained throughout the minute of immersion. 
In others values rose to control or supra'control levels during immersion. An 
index of the degree of return is obtained when a control pulse volume is com- 
pared with the maximal pulse volume observed in the latter part of immer- 
sion. As with the other pulse volume changes, this response has been recor e 
as a ratio of control level to observed change. This ratio will be referre to 
as the sensitivity index (S.I.) to cold immersion. Other ratios calculated were 

а) the control pulse volume/minimal pulse volume during the ‘warning phase, 

б) the control pulse volume/minimal pulse volume during . 

Cold immersion responses were obtained four times in each 0 10 s 
and eight times in each of 14 subjects. Although there was considerable va 
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tioii in response within a given subject, there were also consistent differences 
between individuals in all 3 of the indices; apprehension of immersion, cold 
immersion maximal response, and sensitivity index. (Average individual val- 
uesmre indicated in fig. 2.) 

^ Blood Pressure and Pain Responses During Cold Immersion of Feet. In 
general, there was a rise in both diastolic and systolic values, beginning fre- 
quently during the 30-second warning phase, and proceeding to maximal val- 



Fig. I. Digital volume plethysmographic tracings obtained in 3 individuals upon immersion 
of both feet in ice water, illustrating range of responses observed. A — warning 30 seconds prior to 
immersion. B = immersion of feet in ice water. C — end of immersion period. Top record illustrates 
a sensitive individual (S.I. 4.0); bottom record illustrates an insensitive individual (S.I. i.i). Because 
of the marked volume changes it was necessary to adjust base line frequently to keep the shadow 
of the string within margins of photo-sensitive paper. Discontinuities of base line (arrows at left 
of each tracing) show times at which readjustment was necessary. 

ues at the end of the cold immersion period. In several instances, there were 
progressive drops in diastolic pressure during immersion. Although consecutive 
determinations on a single subject on a given day gave closely similar responses, 
there was considerable variation for a given subject in responses obtained after 
a 2-week interval. The relatively consistent finding of a decreased response 
of the post-bivouac group is discussed later. (Values indicated on fig. 2 are 
average individual values.) 

Pain during cold immersion was experienced by 17 of 24 subjects. In 10, 



6i4 


MORTIMER E. BADER AND JERE jNIEAD 


1 chtv.t 2 


pain was usiiallv 


It was severe; 2, moderate; and in 5, mild. The severity of 
the same for a given individual during the 4 immersions on a single occasion 
^ The time of onset of pain varied considerably in an individual The nn 
jority of subjects experiencing pain reported its onset 30 to 40 seconds nfto' 
immersion. In individuals who experienced severe pain, the time of 
tended to be earlier than in the others. 

Comparison of Blood Pressure Responses and Pain Experienced Durm 
Cold Immersion. Both systolic and diastolic responses to cold immersion tended 
to be greater in the subjects who experienced severe pain than in those exper- 
iencing mild, moderate, or no pain, e.g. all diastolic rises of greater than 20 
mm. Hg and systolic rises greater than 30 were in subjects who reported 
severe pain. Only 3 of these had systolic rises less than 20, and only 2 had dias- 
tolic rises of less than 10. Although subjects experiencing severe pain had the 
greatest blood pressure rises, it may be noted that those who reported no pain 
in some instances, had considerable blood pressure rises, a systolic rise of 32 
mm. Hg, and a diastolic rise of 18 mm. Hg being recorded in this group. 

Comparison of Blood Pressure and Digital Vascular Responses lo CoU 
Immersion. The low degree of correlation existing between the simultaneously 
determined blood pressure and digital vascular responses to cold immersion 
suggests that the vasoconstriction occurring in the digits does not reflect the 
degree of vasoconstriction occurring elsewhere in the body. In the light of 
this finding, it is interesting to contrast the time course of the digital vascular 
adjustment with the time course of the blood pressure rise. Digital vasocon- 
striction reaches maximal levels within 10 seconds after immersion, and there- 
after commonly diminishes. Blood pressure usually rises throughout immer- 
sion to maximal levels at the end of the immersion period. 

Evaluation of Local and General Cold Tolerance. The evaluation of perform- 
ance of the individuals could not exclude performance independent of cold 
stress. It was the invariable case that the ‘best soldiers’ performed adequately 
on field bivouacs under cold stress. The indices selected for separation into 
groups according to cold tolerance were; 0) the difficulty experienced with 
frostbite, b) relative ability in accomplishing tasks with unprotected hands and 
c) the enthusiasm, or lack of enthusiasm of the individual for out-of-door 
existence in the cold, in other words, the way they ‘took to’ Arctic living. 

Groups I (4 subjects) and 2 (8 subjects) comprised men who liked Arctic 
life and performed in superior fashion under prolonged cold stress. Group i 
was distinguished by the fact that none of the 4 individuals included had ever 
experienced frostbite of any part, despite considerable exposure to 
cold Group 3 (10 subjects) consisted of men who performed adequate y u 
cold exposme. The 2 men placed in Group 4 performed inefficiently m the e ld. 
One was a continual source ol difficulty on field bivouacs because P ^ 

tiveness. The other had to be brought back from a bivouac because 
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take it,’ It cannot be said that in either instance cold stress was solely respon- 
sible for poor performance. Six individuals were tested for specific manual 
ability in the cold. 

Comparison of Results of Physiological Studies with General and Local 
Cold Tolerance. Consistent differences among individuals were demonstrated 
in 8 separate physiological indices; i) sensitivity index; 2) cold hnmersion, 
maximal pulse volume reduction; j) apprehension of cold immersion, maximal 
pulse volume reduction; 4) average pulse volume observed during control 
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Fig. 2. Comparison or 8 phvsiologicai, indices (arranged in order of responses obtained) with 
an evaluation of cold tolerance. Only average individual values of physiological indices are included.^ 


period; 5) degree of mean finger volume variation during control period; 6) 
degree of systolic blood pressure rise occurring during cold immersion; 7) 
degree of diastolic blood pressure rise occurring during cold immersion; 8) 
severity of pain experienced during cold immersion. 

In figure 2 the indices have been separately arranged in order of the 
degree of the responses recorded. It should be pointed out that because of 
the considerable ‘overlapping’ of responses among individuals, the listing of 
the entir e group in terms of degree of response does not indicate a rigid order- 

'See footnote 2. 
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”s Lfati ““ “» .ack i.ai. 

It may be seen that a single index, namely, the sensitivity inS 
expresses the degree of digital vasodilatation occurring in the 
cold immersion, offem a degree of correiation with tl i! cold L ^ 

poup is divided into thirds according to S.I., the 8 least sensitiv™”'!- 
mclude all of Group r (indiiddnals Iho had ^ rt^^^ 
mAviduals from Grcrp a (men who had performed in superirr fchta ' 
cold stress); and a members of Grm.p 3 (men who had perfonned adequsWy 



SUBJECTS 

Figx 3. CoiiPAWsoN or sensitivity index with manual ability in cold as indicated by length 
of time an individual was able to continue a simple task with unprotected hands at ~io°F. (Each 
value is an average of z separate determinations.) 


under cold stress). The 2 individuals of Group 4 are in the most sensitive third. 
No statistically significant difierence exists between Groups 2 and 3. 

The results of the experiment in which 6 individuals were tested for 
specific manual ability in the cold are compared in figure 3 with individual 
values for S . 1 . It may be seen that K, who had the lowest S.I. range of the 
6 subjects, was able to continue a simple manual task with unprotected hands 
at — io°F. for 40 and 60 minutes on two occasions, while E who had the highest 
S.I. of the 6 subjects was unable to continue because of intense finger pain 

after 14 and 8 minutes on two occasions. 

It is of interest to attempt to relate the observed digital vascular response 
to cold immersion of the feet to vascular responses of individuals under gen- 
eral cold stress, which may in turn be responsible for individua erences i 
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cold tolerance. In this regard individuals, who tend to vasodilate during the 
artificial situation of the cold immersion test, may show a similar tendency to 
maintain states of relative vasodilatation of the digits and other skin areas 
under general cold stress. The lower incidence of frostbite and superior manual 
ability of certain individuals in the cold might be explaired, in part, by this 
phenomenon. 

Coinjjartsoii 0/ Physiological Studies in a Group oj 10 Svbjects before and 
after a Field Bivouac. Ten men were studied before and after field bivouacs 
under conditions of relatively severe cold stress. A control group of 10 subjects 
residing in Lawrence, Massachusetts, was tested during May 1049, utilizing 
the same cold inrmersion procedure except for plethysmographic stridies. Blood 
pressure and pain responses were noted. The tests were performed under iden- 
tical constant temperature control conditions. ^ 

Of the 10 men in the bivouac group, 6 experienced pain on cold immersion 
before, and one after bivouac. The control group of 13 all experienced pain on 
both occasions. In the bivouac group, systolic rises during immersion were less 
after the bivouac period in 8, unchanged in one, and greater in one. Of the con- 
trol group, systolic rises were less in 5, essentially the same in 4, and greater 
in 6. Of the bivouac group, the diastolic rise was less after bivouac in 7, the 
same in 2, and greater in one. In the control group, the diastolic rise was less 
after 2 weeks in 4 subjects, the same in 3 subjects, and greater in 4. Of the 
4 subjects who experienced no pain on cold immersion either before or after 
bivouac, all 4 had a reduction in systolic rise after bivouac, ranging from 6 
to 16 mm. Hg, and 2 out of 4 had a reduction in diastolic rise of 6 to 13 mm. 
Hg, respectively. 

Decrease in cold immersion blood pressure rise and decrease in pain ex- 
perienced during immersion has been reported by Pecora (3), in a group of 
18 men studied before and after a lo-day Arctic bivouac. Our results confirm 
this finding. Pecora attributed the decrease in blood pressure response observ^ed 
after a field bivouac to the reduction of intensity of the pain experienced. 
It is of interest that in the present study 4 of the subjects experienced no pain 
on immersion either before or after a field bivouac, but nevertheless showed 
significant reductions in their blood pressure responses. 

None of the digital vascular indices showed any consistent change after 
bivouac. In the light of the definite decrease in both blood pressure response 
and pain intensity, this fact supports the conclusion previously expressed in 
this report that the digital vascular and blood pressure responses of cold im- 
mersion are for the most part independent phenomena. 

SUMMARY 

A variety of vascular responses, principally of the fingers, has been ob- 
served in a group of 24 men and compared with certain aspects of their indivi- 
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dual cold tolerance. These studies were carried out under controlled ambient 
conditions at Fort Churchill, Manitoba, Canada. Individuals in whom reduc- 
tion of finger blood fiow, during immersion of the feet in ice water, was rela- 
tively transient had, in general, a lower incidence of frostbite; they were able 
to work with unprotected hands in the cold for more prolonged periods than in- 
dividuals in whom vasoconstriction was maintained throughout iiranersion of 
the feet in ice water. It should be stressed that, although correlation between 
digital vascular response and cold tolerance was demonstrated for groups of 
individuals, there were notable individual exceptions to the pattern. Hence, 
the cold immersion response of an individual cannot be regarded as a specific 
indication of his performance under cold stress. None of the remaining physio- 
logical indices in which consistent variation among individuals was demon- 
strated showed any marked relationship with cold tolerance. These included 
spontaneous variation in finger pulse volume and finger mean volume during 
a control period, finger pulse volume reduction during the warning phase prior 
to cold immersion of the feet, maximal finger pulse volume reduction dur- 
ing immersion, blood pressure rises during immersion, and severity of pain 
experienced during immersion. Men studied before and after a field bivouac 
under cold stress experienced less pain and had smaller blood pressure rises 
during immersion of the feet in ice water after bivouac.These changes were 
not observed in unexposed men. 
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P 

t X^ECENTLY EXPERIMENTS ITORE REPORTED (i) demonstrating the existence 
in human subjects of diurnal variations in olfactory acuity. The pattern of these 
variations was found to be remarkably uniform and intimately connected with 
ingestion of food. In normal individuals, meals were found regularly to be pre- 
ceded by a period of increasing and followed by one of decreasing acuity of 
olfaction. \Vhen a meal had been omitted a decrease in olfactory acuity could 
not be demonstrated. In discussing these observations the suggestion was made 
that the precibal increase in olfactory acuity may be related to the sensation 
complex of appetite and that the postcibal decrease in olfactory acuity may be 
related to the sensation complex of satiety. The demonstration of the existence 
of diurnal variations in olfactory acuity and of their dependency upon inges- 
tion of food made it appear interesting to determine whether or not like varia- 
tions exist in gustatory acuity. 

A survey of literature on the subject reveals that several investigators while studying 
various aspects of gustation reported observations indicative of the existence of diurnal 
variations in acuity of the sense of taste. Reference is made to studies reported by Baryscheva 
(2), Salmon and Blakeslee (3) and by Floyd (4). That such variations in gustatory acuity 
may be attributable to certain rhythmic changes in a person’s internal environment was 
suggested by Bellomo (5), Weiss and Pascucci (6, 7), Guidizi and Noferi (8) and by Mayer- 
Gross and Walker (g). The information gathered by these authors does not lend itself as 
evidence for the existence of such variations in acuity of the sense of taste. More recently 
Janowitz and Grossman (10) investigated the question at hand. In their study gustatory 
thresholds for salt and sugar were determined in presumably normal individuals at 10:30 
A.u., shortly before and 2 hours following ingestion of freely selected noon meals. Threshold 
values for the taste of salt were determined in 9, and those for the taste of sugar in 10 sub- 
jects. There was but one test day for each subject. From their observations Janowitz and 
Grossman disclaimed the existence under normal conditions of diurnal variations in gusta- 
tory acuity, particularly in relation to sensations associated with ingestion of food. To those 
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familiar with the difSculties involved in studies concerning sensorv acuitv th m 
sented by the authors in support of their conclusion must appear inadequate' T 
paucity of available data the statistical analysis offered seems to be of questionable validi^ 

The apparent inconclusiveness of information contained in the literatur 
regarding the existence of diurnal variations in gustatory acuity indicated the 
desirability of additional studies designed in order to clarify the question at 
hand. The present experiments were performed with this purpose in mind. 

METHOD AND PROCEDURE 


Gustatory thresholds for sucrose were determined by placing a measured 
volume (0.5 cc.) of sucrose solution on the tip of the subject’s extended tongue. 
The solutions used had been made up with tap water and contained sucrose in 
concentrations ranging from o.i to 2.5 per cent in steps of o.i per cent. The 
lowest concentration of sucrose which just sufficed to permit instantaneous 
recognition of sweetness was interpreted as the measure of threshold for this 
gustatory quality for the subject at that time. At each determination the thres- 
hold value accepted for the subject was the lowest concentration of sucrose 
which produced the sensation of sweetness three times in succession. Before 
and between successive trials the subjects were requested to rinse their mouths 
with tap water. In this manner gustatory thresholds for sucrose were deter- 
mined at 10:00 and 11 too a.m. and at i : 30 and 4: 30 p.m. Subjects exhibiting 
coating of the tongue or taking medicine for any reason were excluded tempo- 
rarily from the experiment. During the tests the subjects were kept uninformed 
as to the concentration of the sucrose solutions used. 

There were 16 individuals, 14 females and 2 males, who served as subjects. 
They were in apparently good health and ranged in age from 20 to 54 years. 
They held clerical and tecWcal positions in this institution and worked daily 
from 9 :oo a.m. until 5 :oo p.m. As a rule they had breakfast and dinner at home at 
customary hours, but ate lunch in the hospital cafeteria which offered a variety 
of dishes so as to permit reasonably free selection of food. Lunch was sewed 
between 12 noon and itoo o’clock in the afternoon. On test days the subjects 
were requested to abstain from taking food between meals. Their statements 
regarding their desire for food as well as their freely selected caloric intake were 

recorded. . . 

The results to be discussed are those of gustatory threshold determinations 

performed in all subjects on days on which the subjects observed normal food 
habits. Also analyzed are the results of gustatory threshold determina 10ns 
made in some of the subjects on days on which the subjects omitted their no 


meals. 

ANALYSIS OF RESULTS AND OBSERVATIONS 

Days on Which the Subjects Observed Normal Food 
analysis are the results of tests performed in the 16 subjects on 3 
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Threshold values 

IN y. CONCENTRATION 


1.6 J 


The number of test days for the subjects ranged from 7 to 18, with a group 
average of nearly 13 days. Figure i shows the averages of gustatory threshold 
values for sucrose obtained at different hours of test days. The illustration dem- 
onstrates a decrease of the gustatory threshold values during the morning hours, 
an increase following ingestion of 
lunch and another decrease of the 
gustatory threshold values during 
the later afternoon. Variations in 
gustatory threshold values for su- 
crose of the pattern described were 
noted on 150 (73.9%) of the 203 
days. The increase of gustatory 
threshold values could not be dem- 
onstrated on 10 (4.9%) of the test 
days. On 25 (12.3%) test days no 
decrease of gustatory threshold 
values was noted during the morn- 
ing hours. On 13 (6.4%) of the 
test days no decrease in gustatory 
threshold values was demonstrable 
during the later afternoon. On 5 
(2.5%) test days there was noted 
an increase of the gustatory thresh- 
old values following ingestion of 
lunch but a decrease of threshold 
values was noted neither during 
the morning nor during the later 
afternoon. 

The nature of the study under 
discussion required analysis of re- 
sults obtained for individual sub- 
jects. Therefore, an inquiry was 
made as to the significance of dif- 
ference between gustatory threshold 
values obtained for a subject at dif- 
ferent hours of the day. The results 
of these calculations are presented 
m table i. The values in Cohnmis A, B and C indicate the average differences 
expressed as percentage concentration of solution between the threshold values 
obtained at 10:00 and 11:30 a.m. (A); between the threshold values obtained 
at 11:30 A.M. and 1:30 p.m. (B) and between threshold values obtained at 
i‘-3o and 4:30 p.m. (C). The values in Column P indicate the respective p 
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Fig. I. Gustatory threshold values for 
sucrose obtained at different hours of test days and 
expressed in terms of average percentage of con- 
centration of solution. Light lines: for the individ- 
uals; heavy lines: for the group. 
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ability (calculated by means of Student’s t value) (ii) that these differences 
are not significantly greater than zero. Statistical convention justifies the as- 
sumption that probability values of 0.05 or less are indicative of significance. 
This means that differences between the averages of threshold values arc sig- 
nificant if the probability that they are not significant is 0.05 or less. 

In all subjects the gustatory threshold values in average decreased during 
the morning, increased following ingestion of lunch and decreased during the 
later afternoon. Of the 4S differences available for statistical analysis only one 
failed to be of significant magnitude. Reference is made to subject 16 whose 


Table i. Average differences between gustatory threshold values obtained at 

DIFFERENT HOURS OF TEST DAYS* 


SUBJECT 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

IJ 

J2 

XJ 

14 

X5 

16 


NO. OP 

TEST DAYS 

difference 

A 

(decrease) 

Pa 

18 

— 0.20 

<0.01 

r? 

—0.18 

<0.01 

16 

—0. 26 

<0.01 

16 

—0. 14 

<0.01 

16 

—0.26 

<0.01 

IS 

— Q.I4 

O.OI 

IS 

— 0.22 

<0.01 

14 

—0.16 

<0.01 

13 

—0.06 

0.04 

12 

-o.is 

<0.01 

10 

— O.Il 

<0.01 

9 

— O.II 

<0.01 

9 

— 0.21 

<0.01 

8 

— O.II 

0.04 

8 

—0.40 

<0.01 

7 

—0. 10 

0.05 


difference 

B 

(increase) 


Pb 


difference 
C I 
(decrease) 


> Expressed as percentage 

:ustatory threshold value did decrea. but insignificantly during the late alter 

lOon. r, 7 • i n utoA Thpir Noon Meals. In this series of ex- 

Days on Which the determinations were performed in 

periments 5 subjects cooperated. Thresli ^ 

the manner described. Days on w observed normal food habits. 

were preceded and followed by days on h y ^b^ ^ ^ 

There were 03 test days tad' been observed. For individual sob- 

“ sr— - . - = - — • ' 

"“St . — «. “XiX" 

obtained at different hours of these > 
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tion there was no increase of gustatory tliresold values demonstrable on the 
days on which lunch had been omitted. This observation held true for all 23 
test days. 

Again, a statistical analysis of results obtained for individual subjects ap- 
peared desirable. Therefore an inquiry was made as to whether or not the dif- 
ferences between averages of gustatory threshold values obtained immediately 

THRESHOLD Vt^UES 



threshold VMUE5 
IN % CONCENTRATION 



i-M^ LUNCH PM. 

Fig. 2. Upper. Average gustatory threshoed vaeijes for sucrose obtained on days on wbich 
lunch was ingested. Lower: Average gustatory threshold values for sucrose obtained on days on which 
lunch was omitted. Light lines: for the individuals; heavy lines: for the group. 


before and 30 minutes after lunch time on days on which lunch had been in- 
gested differed significantly from the differences between like averages of gusta- 
tory threshold values obtained on days on which lunch had been omitted. 
The results of these calculations are presented in table 2. The values in Columns 
Bi and B2 represent the average differences expressed as percentage concentra- 
tion of solution between threshold values obtained at 11:30 a.m. and at 1:30 
P.u. on days on which lunch had been ingested (Bi) and on days on which lunch 
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had been omitted (£,). The values in Column P indicate the probabilitv fei 
culated by means of Student’s t value) that the difference beLon th d ifo 
ences rderted to is not significant. As mentioned before, it is justified to ZZ 
te a difference is significant if the probability that it is not significant iso,o- 
or less, From table 2 it can be seen that the difference under discussion was 
found to be significant for aU subjects. 

From the subjects’ statements it was learned that noon meals were pre- 
ceded regularly by a period of an increasing desire for food denoted varioaslr 
by the subjects as a sensation of hunger or one of appetite. Following ingestion 
of the freely selected noon meals a sensation of satiety developed in all instances 
while the desire for food vanished. 

The noon meals selected by the subjects ranged in their caloric value be- 
tween 325 and 1024 calories. It should be noted that the subjects did not on all 
occasions choose to eat dessert at the end of their noon meals. The significance 
of this observation will be mentioned below. 


Table 2. Avebage diteebences between gustatory threshold values obtained 

before and after lunch time^ 


SUBJECT 

NO. or TEST DA.YS 
ON VVTttCS LUKCn 
WAS INGESTED 

NO. or TEST DAYS 
ON WHICH LVNCH 
WAS OinXIED 

PITBERENCE 

Bl 

(INCREASE) 

DIFFERENCE 

Bi 

(decrease) 

' p 

1 

I 

i 

17 

1 

s 

-fO.14 

— o.io 

<0.01 

3 

! 

5 

1 - 1 - 0.23 

0 

0 

<0.01 

3 

16 

5 

-fo.31 

—O.IO 1 

<0.01 

4 

14 

5 

-f0.20 

—0,14 

<0.01 

5 

8 

3 

-fo.4,2 

_1 

— 0,02 

<0.01 


* Expressed as percentage concentration of sucrose in solution. 


DISCUSSION 

Changes in threshold values for the sense of gustation indicate changes in 
gustatory acuity. Thus, decreasing threshold values signify an increase, increas- 
ing threshold values a decrease in acuity. Therefore, the observations described 
reveal that the acuity of the sense of tdste for sucrose was greater before than 
shortly after ingestion of noon meals on 193 ( 95 -i%) of the 203 test 
increase in the gustatory acuity during the morning was noted on 173 (85.3%; 
and an increase during the later afternoon on 185 (gi.2%) of the test ays. 
The high percentages cited appear to indicate reliability of the observa ions. 
AiiditioMl confirmation of tJiis impression can be deduced from the ana ysi 
of results obtained for individual subjects. This analysis taking 
averages of gustatory threshold values obtained for the ind.v, ual su ec« < 
different hours of test days reveals that there were , 

jects a statistically significant increase in gustatoiy "as= 

statisticaUy significant decrease shortly after ingestion of the mea . 
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in gustatory acuity noted in all subjects during the later afternoon was found 
to be statistically significant in all but one of the subjects. 

The evidence presented justifies the conclusion that there exist in normal 
individuals diurnal variations in acuity of the sense of taste for sucrose. The 
question whether or not like variations exist with respect to other taste quali- 
ties is being investigated in this laboratory. Preliminary observations made in 
studies along these lines seemingly indicate that it may be unjustified to ex- 
pect uniformity in behavior of the various taste qualities. 

That the decrease in acuity of the sense of taste for sucrose was dependent 
upon ingestion of food becomes evident from the analysis of results obtained on 
days on which noon meals had been omitted. This analysis shows for all sub- 
jects so tested that the changes in gustatory acuity noted after lunch time on 
days on which lunch had been ingested differed significantly from those noted 
at the same time of the day but on days on which lunch had been omitted. 

Since the freely selected noon meals upon ingestion brought about a con- 
version of the sensation complex of appetite into one of satiety, the observa- 
tions made in the present experiments may be interpreted as indicating that the 
precibal increase in acuity of the sense of taste for sucrose may be related to the 
sensation complex of appetite and that the postcibal decrease in acuity of that 
sense may be related to the sensation complex of satiety. This interpretation of 
results is supported by the fact that the decrease in acuity of the sense of taste 
for sucrose failed to occur when the conversion of the sensation complex of ap- 
petite into one of satiety had been prevented by omission of noon meals. 

The mechanisms by means of which food produces a decrease in acuity of 
the sense of taste for sucrose are being subjected to further investigation. 
Phenomena of adaptation and fatigue cannot explain this effect of food because 
the decrease in sensory acuity described occurred regardless of whether or not 
the meal had sweets in its composition. 

SUMMARY AND CONCLUSIONS 

Experiments are described which demonstrate the existence in normal 
individuals of diurnal variations in acuity of the sense of taste for sucrose. 
Freely selected meals were found to be preceded by a period of increasing and 
foEowed by one of decreasing acuity of that sense. When meals had been 
omitted the decrease in acuity failed to occur. It was suggested that the in- 
crease in acuity of the sense of taste for sucrose may be related to the sensation 
complex of appetite and that the decrease in acuity of this sense may be related 
to the sensation complex of satiety. 

REFERENCES 

1. Goetzl, F. R. and F. Stone. Gastroenterology 9: 444, 1947. 

2. Baxyscheva, E. P. Arch. sci. biol. U.S.S.R. 40: 139, 1935. 




626 


FRANZ R. GOETZL, ANN J. AHOKAS AND JEAN G. PAYNE 


Volupii ’ 


3. Salmon, T. N. and A. F. Blakeslee. Froc. Nat. Acad. Sci. 21: 78, 1935. 

4. Floyd, tl. H. Contribution to Education. Nashville ; George Peabody College for Teachers 
1936. 

5. Bellomo, a. Minerva vied, i; 410, 1941. 

6. Weiss, V. G. and F. Pascucci. Riv. din. vied. 5: 70, 1946. 

7. Weiss, V. G. and F. Pascucci. Riv. din. vied. 5; 540, 1947. 

8. Guidizi, S. and G. Noferi. Riv. din. vied. 5; 77, 1946, 

9. Mayer-Gross, W. and J. W. Walker. Brit. J. Expr. Path. 26: 297, 1945-1946. 

10. Janowitz, H. H. and M. I. Grossman. J. Applied Physiol. 2; 217, 1949. 

11. Fisher, R. A. Statistical Methods for Research Worhers. New York: Hafner, 1948. 





Phreuo-Vagal Anastomosis in the Dog^ 

NELSON C. JEFFERSON, CLYDE W. PHILLI?S and H. 
NECHELES, with the technical assistance of LAMAP WALKER, 
J. W. JONES AND W. SCRUGGS. From the Departmoil of Gastro- 
intestinal Research, Medical Research Institute of Mchael Reese 
Hospital, and the Department of Surgery, Provident Eosptal, Chicago, 
Illinois. 


F 

1 ouMATioN, RECURRENCE AND AGGRAVATION of peptic ulcer hive been 
connected with emotional effects conveyed to the stomach and duodinum by 
the vagus nerves. It has not been possible so far, to produce ulcer by emotional 
factors in the experimental animal. We felt that we would come neater to an 
approach to this problem, if we could send impulses to the stomach through 
the vagi at short inter\’’als, day and night, by anastomosing the left central 
phrenic nerve to the distal end of the left vagus trunk. If a functioning anasto- 
mosis developed, the impulses from the respiratory center would produce vagal 
hjjDera'ctivity by bombarding the end-fibers of the vagus nerve more con- 
tinuously. Cannon el al. (i) have used similar reasoning when they anastomosed 
one phrenic nerve to the sympathetic trunk. 

The first dog, operated in 1934, was observed 10 months after the proximal 
left phrenic nen^e had been anastomosed to the distal left vagus nerve. While 
standing quietly, suddenly the abdomen distended enormously, and the dog 
died within a few minutes. No swallowing movements were seen during this 
period. Immediate autopsy revealed a tremendous dilatation of the stomach, 
which filled practically the entire abdomen and which had pushed the dia- 
phragm high into the chest. The stomach was filled with air. The mucosa just 
below the cardia showed 10 small, punched out ulcers, arranged in a circular 
fashion. 

Normal mongrel dogs were anesthetized with i.v. pentobarbital sodium. 
In an aseptic operation the left phrenic was sectioned just above the diaphragm, 
and the left vagus trunk just below the hilus of the left lung. Then the proximal 
stump of the phrenic and the distal stump of the vagus nerve were approxi- 
mated carefully to produce end to end contact, and they were sewn together 
with their sheaths and surrounding tissues. In a number of animals, both nerves 
were sectioned, and the phrenico-vagal anastomosis was performed one to 2 
months later at a second operation. 

Received for publication April 13, 195°. 
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Obslrvations were carried on from one to 20 months after the anastnmnf 
operatU to observe diaphragmatic activity and gastric motility and emptying 
imes (2)buring the first 12 to 14 weeks post-operatively, fluoroscopic obser- 
vations \\fere made weekly, then at monthly intervals. Acute experiments were 
done on 4 of the dogs, 14, 18, 20 and 20 months, post-operatively. The animals 
were anekhetized with sodium pentobarbital, artificial respiration was in- 
stituted, End the left chest and abdomen were opened. Gastric motility was re- 
corded wi h the balloon method. The left phrenic and vagus nerves were stimu- 
lated abore and below the anastomosis respectively, using various strengths 
of currenj of the secondary coil of a Gorell inductorium. At the termination of 
all experiments, complete autopsies were performed, and specimens for micro- 
scopic stidy were taken from the left phrenic nerve, the anastomosis, the vagus 
nerve bdow the anastomosis, and from identical sites of both diaphragms. 


One 


RESULTS , 


dog with a one-stage phrenico-vagal anastomosis died of pneumonia 
one we^ after operation. One dog died one month after operation with ex- 
tensive fiastro-malacia; this animal had been subjected to bilateral complete 
vagotoiny at the hilum of the lungs and a left side phrenico-vagal anastomosis. 
One dig died during a third-stage operation, 7 months after section of the left 
vagusand 5 months after phrenico-vagal anastomosis. One dog died 15 months 
after a one-stage phrenico-vagal anastomosis; this animal had lost much weight 
due ti» anorexia, and autopsy did not reveal a cause of death except wasting. 
In all dogs with phrenicotomy, gastric emptying times were shortened con- 
siderably, but returned to normal within 4 and 12 weeks. No left diaphragm 
was/seen to re-activate up to 20 months after phrenico-vagal anastomosis. 
Except the dog with ulcers in the cardia and the one with gastromalacia, in 
no {animal were abnormal changes found in the esophagus, stomach or duo- 
denum. 

j Four acute experiments were performed 14, 18, 20 and 20 months after 
the operation for nerve anastomosis. The left diaphragm was thin and atrophied 
and showed no motility, confirming previous observations (3). The stomachs 
showed no motility synchronous with the respiratory motion of the right dia- 
phragm. When the left phrenic nerve was stimulated above the anastomosis, 
an increase in respiration and elevation in blood pressure occurred. When the 
nerve was cut proximal to the electrode, this reflex was abolished. In 2 dogs, 
[4 and 20 months after the phrenico-vagal anastomosis, stimulation of the 
phrenic nerve above the anastomosis did not produce gastric or diaphragnia ic 
motility. However, when the vagus nerve below the anastomosis was stimu- 
llated, gastric motility was increased (fig. i). Sections showed neuromas at the 
1 site of the anastomosis, and no phrenic fibers crossing into e vag 
'Below the anastomosis normal fibers were seen in the vagus trunk. 
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In 2 dogs, 18 and 20 months after operation, a functioning anastomosis 
had established itself, as evidenced contractions of the stomach when the 
phrenic nerve was stimulated above the anastomosis. This was still observed 
after the phrenic nerve was cut proximal to the electrodes (fig. 2). In these 2 
dogs, serial sections of the phrenic ner\'e above the anastomosis, of the anasto- 
mosis itself, of the vagus nerve below the anastomosis and of the left diaphragm, 
revealed degenerating and regenerating nerve fibers, as well as an atrophied 
left diaphragm, replaced by fibrous tissue and fat.- 



Fig. I. Balioox record of c.AStRic MOTtLiTY of dog 6, taken 20 months after phrenicovagal 
anastomosis. I: Left phrenic nerve stimulated high above anastomosis (hilum), 2 -volt primarj'. In- 
creased rate and depth of respiratory movements; no stomach motility. II ; Left vagus trunk stimu- 
lated below anastomosis, lo-volt primary; gastric motility. HI: .\s in no. I; no stomach motility. IV; 
As in no. II; gastric motility. 


DISCUSSION 

We have not been able to reproduce the acute dilatation and ulcers of the 
stomach following phrenico-vagal anastomosis observed in our first experiment. 
Section of the left vagus trunk and severance of all connections between the 
left and the right vagus trunks did not appear to produce gross alterations in 
gastric motor function. Section of the left phrenic nerve leads to a disturbance 
of the function of the stomach which we have described previously, and which 
disappears within 4 to 12 weeks (4). If the left phrenic nerve had been sec- 
tioned completely, the left diaphragm degenerated, and it never recovered its 
respiratory function (3). The paralyzed left diaphragm seems to predispose to 
increased aspiration of air into the stomach which process, however, readjusts 
Itself within no more than ii months (3). High section of the left vagus trunk, 
in addition to section of the left phrenic nerve, may occasionally lead to dis- 

■ We acknowledge the help of Dr. O. Saphir, Pathologist, of Michael Reese Hospital. 
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turbances of the lower esophagus, the diaphragmatic pinchcock the c, S' 
and the stomach, and such masses of air may be aspirated into fh ' ’ 

that acute dilatation of that organ may occur with aLal outcome tS 
only explanation we can offer for the observation on one dog mcntiolH , 

n ortunately, we do not have data on nervous conduction across the plirenko 
vagal anastomosis in that animal. ^ ™ 

_ The experimental results on the conducting phrenico-vagal anastomoses 
indicate only that a relatively weak induced current was able to set up an im- 
pulse m the phrenic nerve which, traveling across the anastomotic junction and 
through the vagus to the stomach, produced gastric motility. Conduction across 


/O’ 



Fig. 2. Balloon record of gastric motility of dog 5, taken 20 months after phrenicovagal 
anastomosis, i: Left phrenic nerve stimulated high above anastomosis (hilum), 2-volt primary; no 
stomach motility. 2: Same as no. i, lo-volt primary. 3: Left phrenic nerve stimulated 
2 cm. abov'e anastomosis, 2-volt primary'; distinct gastric contraction. 4: Same as no. 3, lo-volt pri- 
mary'. 5: Left vagus trunk stimulated 2 cm. below anastomosis, 2-volt primary; distinct gastric con- 
traction. 6: Same as no. 5, lo-volt primary'; distinct gastric contraction. 7: Left phrenic nerve cut 
5 cm. above anastomosis. 8: And stimulated above the section described in no. 7, no stomach 
response; lo-volt primary', g: Left phrenic nerve stimulated above anastomosis, but below section 
described in no. 7; distinct stomach motility'; lo-volt primary'. 10; Left vagus trunk stimulated 
below anastomosis, lo-volt primary; distinct stomach motility. 

the anastomosis is indicated also by the histologic picture of normal nerve fibrils 
running from the phrenic nerve into the vagus nerve. There was no indication 
of physiological activity. Following the establishment of a functioning anasto- 
mosis between the central left phrenic nerve and the peripheral left vagus 
trunk, the rhythmic discharges of the respiratory center should be deviated into 
the left vagus nerve, and hence to the stomach. It is possible, that the respira 
tory center stopped sending impulses during the long interval between end or- 
gan-muscle cell (diaphragm) inactivity and formation of the phrenico-vag/fi 
anastomosis. Perhaps the respiratory impulses were insufficient in streng 
and individual duration to have an effect on the smooth muscle of the stomacii. 

The correlation between the finding of neurofibrils crossing the anas 0 
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mosis from the phrenic nerve to the vagus trunk, and gastric contraction follow- 
ing electric stimulation of the proximal phrenic nerve, and the absence of gas- 
tric contractions when neuromas had formed and no neurofibrils crossed the 
anastomosis, is striking. One wonders, whether certain effects of the functional 
anastomoses may have been missed, because they were not distinct, or because 
they were slow in forming. 

The literature on nerve anastomosis indicates that regenerating fibers of 
one nerv'e will grow into the sheath of the lower segment of another nerve, 
though less readily than into its own sheath, and even the fibrils of a sensory 
nerve will grow into the distal segment of a motor nerve, and vice versa. The 
proximal end of the hypoglossal or spinal accessory nerves have been anasto- 
mosed to the distal end of a paral3’’zed facial nerve, with functional result (5). 
Cannon, Binger and Fitz (i) united the phrenic nerve of cats to the cervical 
sympathetic trunk low in the neck and later observed a rise in metabolism, 
nervous excitability, and increased heart action. These effects were attributed 
to stimulation of the thyroid by impulses discharged from the respiratory 
center. This experiment was repeated by Horrax (6) and by Friedgood and 
Cannon (7) with essentially the same result. Ballance and Duel (8) anastomosed 
the central end of the hypoglossal nerve of cats to the peripheral cut end of the 
cervical sympathetic, and reported that normal pupUlary reactions were re- 
stored. Restoration of function does not follow the union of a motor vnth a 
sensory nerve, nor of a cholinergic with an adrener^c nerve (5). It has been 
shown by Tello (9) in animals and by Duel (10) in man that, after a nerve has 
been severed, a better functional result is obtained, if from 2 to 3 weeks are 
allowed to elapse before the divided nerve is sutured. We have used this tech- 
nique of delayed anastomosis between the phrenic and vagus nerves, but it 
apparently offers no advantage over immediate performance of the anasto- 
mosis. 

We have described above that, 20 months after section of the vagus, stim- 
ulation of the left vagus trunk below a non-functioning phrenico-vagal anasto- 
mosis was followed by gastric motility. This effect persisted after complete 
section of the right vagus trunk. We assume, that frmctioning fibers in the left 
vagus trunk were derived from connections with the right vagus nerve. 

SUMMARY 

In normal dogs, the central end of the cut left phrenic nerve was anasto- 
mosed with the peripheral stiunp of the cut left vagus trunk, and the animals 
were observed for 14 to 20 months. Phrenicotomy alone produced faster empty- 
ing of the stomach and a large air bubble in the relatively dilated stomach. 
This disappeared within 'a few months. The left diaphragm remained inactive 
and degenerated in every animal. 

Acute experiments were performed 14, 18, 20, and 20 months after the 
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operation for phrenico-vagal anastomosis. Stomach motility was observed and 
recorded, and the proximal end of the phrenic nerve was stimulated with in- 
duced current. In 2 animals, this stimulation was followed by the appearance 
of gastric motility. Sections of the region of the phrenico-vagal anastomosis of 
these animals showed that neuro-fibrils had grown from the phrenic nerve into 
the vagus nerve. No activity of the stomach was detected which would indicate 
that respiratory impulses from the phrenic nerve affected the stomach. In 2 
other dogs, stimulation of the proximal left phrenic nerve did not elicit gastric 
motility. Histologic study revealed only degenerated nerve fibers at the phren- 
ico-vagal anastomosis, and no neurofibrils could be seen connecting the proxi- 
mal phrenic to the distal vagus stump. 
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in a Group of Normal Men^-^ 

ELLIOTT F. OSSERMAN, GROVER C. PITTS, WALTER C. 
WELHAAf AND A. R. BEHNKE. From the Naval Medical Research 
Institute, National Naval Medical Center, Bethesda, Maryland, and 
the Experimental Diving Unit, U. S. Naval Giin Factory, Washing- 
ton, D. C. 

T 

JLn recent years it has become increasingly apparent that no part of the 
human body may be considered truly inert. However, if attention be limited 
to specific physiological processes, it appears that many of these processes oc- 
cur predominantly in the water phase of the body while the oil or fat phase 
shows no evident participation. Consequently, there is a widespread need in 
both the research. laboratory and the clinic for a practical method of estimating 
the relative proportions of water and free fat in the hiunan body in vivo. Such 
a method would also provide a useful system for classifying individuals. Wel- 
ham and Behnke (i) have clearly demonstrated the inadequacies of height- 
weight tables for such classification and selection. 

Studies of total body specific gravity led Behnke to the conclusion that the 
body can be divided info a fat-free portion ('lean body mass') of constant gross 
composition, and a variable quantity of fat (2). Data obtained by direct meas- 
urement on diverse small mammals supported this concept (3). It followed that 
fat, with its low specific gravity (approx. 0.92), is the primary variable which 
determines individual body density. Thus, total body fat may be accurately 
estimated from body specific gravity, a procedure which has been validated on 
guinea-pigs (4) and white rats (5). Its application to man is based upon these 
(4-6) experimental studies. Since the lean body mass may be considered to 
be relatively constant with respect to per cent body water (3), once knowing 

Received for publication May 10, 1950, 
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the actual value of this constant, it becomes possible to estimate total 
ronteit™” *''' conversely, total body fat from the mter 

Evidence been presented that antipyrine is distributed uniformlv 
throughout the body water (7) and that accurate and practical methods are 
available for measurmg its dilution after injection into the body (8) Messinm 
and Steele (9) have compared the specific gravity and antipyrine methods 
the estimation of body composition on 9 subjects. The specific gravity ran<»e 
covered by these subjects is from 1.021 to 1.064 whereas values as high asi 097 
have been obtained in the normal male population (10). The present report 
is an extension of the work of these authors to a more adequate series of men. 


METHODS 


Eighty-one men ranging in age from 18 to 46 years were used as subjects. 
They are not to be considered a random sample of the male population, for 
about half of the group were highly selected naval divers. Special effort was 
also made to obtain extremes of body habitus and these, therefore, are prob- 
ably better represented in the present sample than in the naval service at large. 
Whenever possible each subject’s specific gravity and body water were both 
determined on the same day. 

Specific Gravity. Body specific gravity was determined by the method of 
underwater weighing. The difference between body weight in air and body 
weight in water at maximal expiration, when corrected for the residual lung 
volume, was used to calculate gross body volume and body specific gravity. 
Details of the application of this method to man have been adequately de- 
scribed by Behnke, Feen and Welham (10). The residual air volume was de- 
termined in all subjects by either the method of nitrogen (ii) or hebum (12) 
dilution. In 38 subjects both methods were used. The per cent body fat was 
calculated from the specific gravity by the equation of Rathbun and Pace (4): 


% Body fat = 100 



5-044 


(i) 


Body Water. Body water was determined by the antipyrine technique of 
Soberman et al. (7). The individual antipyrine doses varied from 848 to 1250 
mg., administered intravenously in 50 ml. of sterile water. Although one- 
quarter of the number of subjects were in the fasting state, and the remamder 
were allowed their usual food and fluid intake, there was no apparent signi - 
cant difference between the results of the 2 groups. No attempt was ma e 
restrict the activity of the subjects during the test period. 

Blood samples were obtained at 2, 3 and 5 hours m f 
3 4 and 5 hours in others. The latter procedure was more 
a rare subject will show inadequate distribution of antipyrme at 2 
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The plasma concentrations of antipyrine were determined according to 
the precipitation procedure of Brodie ei a]. (8), and the optical densities of the 
solutions were read in a Beckman ultraviolet spectrophotometer at 350 mp.. The 
data were plotted on semi-logarithmic paper, and the plasma concentration at 
zero time was obtained by extrapolation. This value was then corrected for 
8 per cent plasma solids to obtain the plasma water level. 

RESULTS 

The entire body of collected data is too large to be presented here. There- 
fore, the results with 10 subjects are shown in table i, and table 2 summarizes 
all of the data in the form of means and extremes. Figure i shows the relation- 


Table 1 . Specific gravity and anttpyrine results on 10 subjects, including the 

EXTREMES OF SPECIFIC GRAVITY AND PER CENT WATER IN THE LEAN BODY MASS 


SPB]ECT 

BODV "WT. 

sraanc 

GRAVITY 

%rAT 

% WATER 

REE CENT 
WATER IN 
LEAN BODY 
UASS 

Fromi 

sp.pr. 

From* 

antipyrine 

From* 

sp.gr. 

From 

antipyrine 

I 

60.6 

1. 100 

0 

0-3 

72.0 

71.6 

71.6 

II 

76.8 

1.087 

6.0 

H.6 

58.3 

63.5 

67.8 

23 

79.1 

1.080 

9-3 

7.0 

67.6 

66.8 

73-8 

29 

7 S -9 

1.078 

10.3 

1.4 

64.9 

70.8 

79.0 

4S 


1.063 

17-5 

17-3 

39-2 

39-2 

71.7 

49 


1.063 

17-5 

23-8 

39-2 

34.7 

66.3 

68 

71-4 

I.OS 4 

22.0 

17-3 

36.1 

39-4 

76.1 

78 

98.6 

1.040 

29.1 

29.4 

51.0 

' 50.7 

71-3 

So 

g8.i 

1.034 

32.1 

34-1 

48.8 

47-3 

69-3 

Si 

97-7 

1.022 

38.4 

40.1 

44.4 

43 -° 

69.9 


* Calculated from the equation of Rathbun and Pace (4). 

’Using the mean value of 71.8% water in the lean body mass, obtained in this series of 81 
subjects. 

’ Using the modified equation of Pace and Rathbun; see equation 3, 


ship of specific gravity to per cent body water by the antipyrine method in aU 
subjects. 

The subjects in table i are arranged in the order of decreasing specific 
gravity. Stibjects i and 81 represent the extremes of specific gravity, and sub- 
jects 2g and 4g embrace the limits of variation with respect to the per cent 
water in the lean body mass. On each subject calculations of the per cent body 
fat from the specific gravity {equation i) and per cent body water from the 
antipyrine results (7) were carried out. From these two values the per cent 
water in the lean body mass of each subject was calculated. The individual val- 
ues for the per cent water in the lean body mass are shown in the last coliunn 
of table I. Table 2 shows that the mean per cent water in the lean body mass 
is 71.8 ±0.33 (S.E.). 

















636 


OSSERMAN, PITTS, WELHAM AND BEHNKE 


Vcluni, 


Usmg this mean value of 71.8 per cent, the body fat was calculatPH f 
results u) and the body water frL specie ““4': 


% Body fat , ICO (body 

1. o- 7 i 8 / (2) 

body weight 

_ 100 (71.8 — % body water) 

71.8 

% Body water == ioo{ 4.340 — ^ \ 

\ sp. gr./ 

Equation J is a modification of the equation of Pace and Rathbun (3), ob- 
tained by replacing 73.2 with 71.8 as the per cent water in the lean body mass. 

The calculated values for body fat and body water in columns 4, 5, 6 
and 7 of table i, indicate close agreement between the results of the 2 methods. 
(Spearman’s rank-order correlation = 0.900.) ' 

In figure i, per cent body water by antipyrine is plotted against body 
specific gravity for all subjects. For theoretical reasons (6) the equation de- 
scribing the relationship between body water and specific gravity is hyper- 
bolic {equation 3 ). The line through the points represents the least-squares 
hyperbola. The equation for this line is: 

/ 3 . 960! 

% Body water = 100 \ 4.317 

\ sp.gr./ 

The curve for the modified equation of Pace and Rathbun {equation 3 ) is iden- 
tical, within experimental error, with this hyperbola. 


DISCUSSION 

The experimental data presented above validate the antipyrine method as 
a procedure for the indirect estimation of the fat content of the body. Total 
body fat and total body water were calculated for all subjects on the basis of 
the antipyrine and the specific gravity methods. The close agreement between 
the 2 methods is evident in tables 1 and 2. (Spearman’s coefficient for the 
rank-order correlation = 0.900.) Finally, the standard error of estimate for 
calculating body specific gravity from antipyrine data was found to be ±0.007 
specific gravity units. Thus, in calculating per cent body fat rom t e per 
cLtage of body water (antipyrine), the error will exceed ±3.8 “ 

U one-third of the cases. This extends the field of applicahon to me iud d 
and debiUtated subjects, children, clinical patients who are. for the most part. 



June ipjo 


BODY FAT AND BODY WATER OF NORMAL MEN 


637 


incapable of the exertion and cooperation required for the determination of 
body volume by displacement of water. 

In table 2, the mean per cent water in the lean body mass of normal men is 
given as 71.8. The variation between individuals is relatively small, with a 
standard deviation of 2.9 per cent. Consequently, it is probably justifiable to 
regard 71.8 as a physiological constant for normal men in the age groups stud- 
ied. The data on small mammals of several species summarized by Pace and 
Rathbun (3) give a mean value for water in the lean body mass of 73.2 per 
cent. Although per cent water in the lean body mass may be constant for in- 
dividuals of the same species, age and sex, it may vary among species, possibly 
because of differences in the percentage of solid constituents, primarily the 
skeletal mass. 


Table 2. Summary of specific gravity and anttfyrine data obtained on 81 subjects 


MEASnSEUENT 

KEAN 

SAKCE 

i) Age 

26.6 

18-46 

z) Body weight (kg.) 

75 -3 

53.6-102.7 

j) Specific gravity 

1.068 

1.022-1.100 

4) Body fat from specific gravity (%) 

IS-O 

0-38.4 

5) Body fat from antipyrine (%)' 

iS-o 

0-40.1 

( 5 ) Body water from specific gravity (%)‘ 

61.0 

44 - 7 *. 0 

7) Body water from antipyrine (%) 

61. 1 

43 - 7*-9 

8) Water in lean body mass (%) 

Standard error (%) of no. S 

71.8 

±0.33 Standard dev. ±2.99 

66.3-79.0 


* These calculations are based on the mean of 71.8% water in the lean body mass. 


SUMMARY 

Determinations of body specific gravity by underwater weighing and of 
body water content by the antip5T:ine method were carried out on a group of 
81 normal male subjects selected to include representatives of the extremes 
of body habitus. The following pertinent data were obtained: 

Specific gravity Mean 1.068, range 1.022 to i.ioo 

Per cent body fat (from speci- 
fic gravity) Mean 15.0%, range o to 38.4% 

Per cent body water (from 

antipyrine) Mean 61.1%, range 43 to 72.9% 

Per cent water of the lean body 

mass Mean 71.8%, range 66.3 to 79.0% 

The per cent water in the lean body mass (71.8%) may be considered a 
physiological constant for normal men. Its standard error is ±0.33 per cent 
and the standard deviation among individuals is ±2.9 per cent. Since the lean 
body mass may be considered to be of relatively constant composition with 
respect to nitrogen and water (3), it becomes possible to determine total body 
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rontent"” body fat from the «■„„ 

Substitution of the anUpyrine method for the specific eravitv m 
ment is considered a valid means of eliminating the subject coCrT®"’ 

quned by the latter procedure. The standard error of esttoate for calcihtta 
body fat from antipyrme data is ±3.8 per cent fat. ^ ^ 
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the kmdness of Cdr. G. G. Malumphy of die Naval EaperimLtaf 



BODY SPECIFIC GRAVITY 

Fig. I. The percentage of body water as determined by antipyrme is plotted against body 
specific gravity for each of the 8i subjects. The equation for lie line was obtained as explained 
in the text. 
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H. CULLUMBINE. From the Department of Physiology 
oology, University of Ceylon, Colombo, Ceylon 


end Pharma- 


G 

X^ALVAO (i, 2) HAS RECENTLY INVESTIGATED the heat production of lean 
and well proportioned Brazilian men and has deduced that the total calories 
produced per hour under basal conditions are not porportional to the body sur- 
face area, but that they depend upon the 'metabolically active weight,’ which 
can be expressed as for lean men and for well proportioned men, 
In this paper are presented results which strongly support Galvao’s findings. 
These results have been collected over the past two years from observations on 
Ceylonese males and females of various ages, living in Colombo. In addition 
to these estimations of the basal metabolism of Ceylonese adults and children, 
the energy production by male children during play periods has also been 
determined. From these data, we have tentatively calculated the calorie 
requirements for Ceylonese and have compared them with the estimated 
calorie values of the foodstuffs consumed by groups of Ceylonese subjects. 


METHODS 

AU the subjects were Ceylonese and the groups studied were 50 male 
adults (medical students aged 21 to 26 years), 25 female adults (medical stu- 
dents aged 20 to 26 years), 25 schoolboys aged 18 years, 25 schoolgirls aged 18 
years, 25 schoolboys aged 14 years, 25 schoolgirls aged 14 years, 25 schoolboys 
aged 10 years and 25 schoolgirls aged 10 years. They had all been previously 
medically examined and passed as healthy. 

The basal metabolism was determined by the Douglas-bag technique 
using a mouthpiece and nose-clip for the adult medical students and a half 
mask, with inflated rubber edges, for the younger subjects. Determinations 
were made between 7:30 and 9:30 a.m. with the subjects fasting, 13 to 15 
hours after the previous meal. The subjects lay on a bed for 30 minutes, then 
the mouthpiece with nose-clip or the mask was fitted and 30 minutes later the 
expired air was collected for 10 minutes. The inspired air was outdoor air an 
the temperature of the room varied between 26.5° C. and 27.8 C., -with a mean 
temperature of 27.3° C., throughout the experiments. The volume of the ex- 
pired air was measured in a compensated and controlled spirometer and dupli- 
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cate samples of the expired air were analyzed with a Haldane apparatus. 
Repeated estimations, at intervals of 3 or 4 days, were made on each subject 
until consistent values were obtained. In a few cases this required as many as 
5 estimations. 

The accuracy of the gas analyses was controlled by analyses of outdoor 
air at frequent intervals; the maximum difference between the combined 
CO: + O2 percentage estimations and the theoretical values did not exceed 
0.03 per cent. 

The rate of metabolism in calories was calculated from the estimated 
R.Q. using the tables of Zuntz and Schumberg (3) and the surface area of each 
subject was determined by the du Bois’ chart. 

An estimation of the metabolism of schoolboys (aged 10 years and 14 
years) while playing in their school compound was also made. This compound 
is overlooked by the author’s laboratory and repeated, if casual, observations 
suggested that the character of the play activity was repetitive both from day 
to day and during the play period of any one day. Therefore, a measurement of 
the rate of metabolism during a short period (20 minutes) of activity will give 
a rough estimate of the metabolic rate during any play period. The estimations 
were made by collecting the expired air with a Douglas bag and a half-face 
mask, every effort being made to prevent air leakage. The estimations were 
made between 2 and 4 p.m. each day. The routine followed was to allow four 
boys to wear the mask and bag for one hour (10 minutes’ rest, 20 minutes’ 
play, 30 minutes’ rest) each day for 5 consecutive days, and to sample and 
measure the expired air on the 4th and 5th day. The collection of expired air 
was made during the 20 minutes of play and for 30 minutes while resting im- 
mediately after the play. The analyses were made in exactly the same manner 
as described for the basal experiments. In all, 25 boys aged 10 years and 25 
boys aged 14 years submitted to this procedure. They had all previously had 
their basal metabolic rates measured so that this experience plus the 3 days of 
wearing the apparatus without sampling had accustomed them to the mask 
before the actual measurements were made on the 4th and sth days. 

From the total respiratory exchange during the play and the recovery 
from play, the calorie output per hour by each boy has been calculated. By 
subtracting from this figure the corresponding estimated basal heat production, 
the energy production in excess of the basal rate during play has been derived. 

The mean annual temperature in Colombo is 80.5° F., with a normal vari- 
ation from the lowest monthly minimum, 71.8° F. in January, to 88° F. in 
March as the highest monthly maximiun temperature. These are the mean 
temperature figures for the past 21 years. The mean annual humidities are 74 
per cent in the day and 90 per cent at night. The monthly variations in day 
humidity are from a nainimum of 65 per cent in February and March to a 
maximum of 79 per cent in June. The night humidities vary from 87 per cent 
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m June, July and August to 93 per cent in April and November 
mean figures for the past 30 years. ’ ® 


KESULTS 


The detaUed figures for each subject are presented iu tables 6 to 
pese data have been analyzed statistically and the relationship betem 
heat production per hour (c) and body weight (W) and between heat prod” 
tion (C) and body surface area (6') (du Bois) have been calculated for each at^e 
group and each sex. Regression lines have been adjusted to the actual data and 
a.lso to the logarithms of the data and, by analyses of the variances of these 
lines, the most satisfactory are found to be those represented by the general 
equations, C = ‘ and C = (h The particular values for each age and 

sex have been calculated by the method of least squares and are shown in 
table I. 


For the relationship between total calories and body weight, the exponent 
hi (which is the regression coefficient of the equation log C = log ai + log 
W) is remarkedly constant from age to age and from sex to sex. Statistically, 
there is no significant difference between these various regression coefficients 
and it would seem that, for both sexes and at various ages, the rate of energy 
production of Ceylonese while resting and fasting can be represented by the 
general equation, C — ai If we assume that represents the meta- 
bolicaUy active weight of the individual, then ai will be the heat production 
per unit of metabolically active weight. For both sexes, this factor ai has a 
greater value in the younger age groups, i.e. during growth. Ceylonese girls 
reach maturity and cease to grow earlier than the boys and, in conformity with 
this, the factor ai in the female groups reaches adult values at an earlier age 


too. 

It is further evident, from table i, that the relationship between heat pro- 
duction and weight is much closer for every group than that between heat pro- 
duction and surface area. If the heat production were strictly proportional to 
the surface area then we should expect the exponent &2 in the equation C = 
to have a value of i.oo. The observed values for are statistically differ- 
ent from 1.00 in the following groups: male lo years (P = 0.02), female 18 
years (P = 0.02) and female 21 to 25 years (P = 0.001). Probably because of 
the relatively large variance of bz, however, the values for the other groups are 
not significantly different from i.oo. Therefore, our results do not permit us to 
state that the basal heat production is not related to surface area at all ages, 
although it would seem that this heat production is more closely “rrdate^ 
with a factor of the body weight which can be expressed m general, by • 


1 For tables 6 to 13 order Document 2852 from ^erican 
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Another method of considering the problem is, as Galvao (i) has done, 
to express the surface area as a function of the body weight, S = On 
this basis, the exponent 63 has the following mean values for our groups of 
subjects: 


age IK VEAES 

VAltJE 

UAt£ 

or EXPONENT hi 

PEMALE 

10 

0.70 

0.70 

14 

0.70 

0.64 

18 

0-94 

0.79 

21-25 

1.03 

0.70 


Only in the case of one group, females aged 18 years, does the value of h ap- 
proach the observed values of h (table i). This is further suggestive evidence 
that the factor, W^', from the equation C = Ci W", is not an expression of the 
surface area of the body. 

So far these results are very s imil ar to those reported by Galvao (i, 2) for 
Brazilian men, whose heat production was found to be proportional to 
in the case of lean men and to for well proportioned men. No distinction 
between lean and weU proportioned subjects has been made in the above 
analysis of the data from our groups of subjects. The number of well pro- 
portioned subjects by Galvao’s method of differentiation, was relatively small 
in most of the groups: 


AGE IN TEAES 

31 AIXS 

7 EUALE 5 

21 

16/so 

4/25 

18 

5/25 

17/25 

14 

7 l 25 

5/25 

10 

15/25 

13/25 


In those groups (males 21-25 years, females 18 years, males 10 years, females 
10 years) where the distribution was such as to warrant further analysis, the 
relationship between weight and heat production for the two physique types 
has been calculated (table 2). 

In aU groups the exponent b is greater for lean subjects than for the well 
proportioned, although only in the group of females aged 10 years is this 
difference statistically significant. This agrees with the figures given by Galvao 
(he. cit.) and can be interpreted to mean that well proportioned subjects have 
a lower metabolicaHy active weight than have lean men. Further, for aU groups, 
the factor ai is greater in the well proportioned subjects; that is, the heat pro- 
duction per imit of metabolically active weight is greater for weU porportioned 
people than for lean people. 

ENERGY PRODUCTION DURING PLAY 

The excess energy production due to play activity by the schoolboys aged 
10 to 14 years is given individuaUy in tables 10 and 12. The relationships be- 
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tween this energy production and body weight or body surface area have h. 
calculated and can be represented by the Mowing equations “ 

_ Boys aged i4years Boys aged xo years 

P ay ca ones = i.iss (<r6i = 0.0064) Play calories = 2.127 pyo-m r- _ . 

Play calones = 5.-97 5^- = x.ssa) Play calories = 45-43 (S Jr ^ 


It IS evident, from these equations, that the energy, surplus to basal, pro- 
duced during play is, within the limits of experimental error, directly propor- 
tional to the body weight. This is to be expected because in this instance the 
play consisted of running and walking, i.e. solely in the movement of the body 
weight. 


DISCUSSION 

The results presented for the basal heat productions of Ceylonese male and 
female subjects of various ages agree closely with those of Galvao (i, 2) in 
that he also found that Brazilians living in the Tropics had a minim um heat 
production which was proportional to a power of the body weight rather than 
to the body surface. Galvao has also analyzed the data reported by American 
authors and has shown that, for Americans living in cold climates, the basal 
heat production is proportional to TF®-®® for lean men and to W> for well pro- 
portioned subjects. The weight, at these powers, nearly represented the body 
surface area of the American subjects as calculated by the du Bois normogram. 
In other words, Galvao suggests that the basal metabolic rate is proportional 
to the surface area in cold climates but not in warm ones. The data given in 
this paper support Galvao’s views but there are other reports in the literature 
which do not conform to his suggestion. 

Thus Mason (4) has measured the basal metabolism of 34 European women 
living in Madras (S. India). We have analyzed her figures, and the following 
equations, relating basal calories per hour with body weight or body surface, 
have been derived: 


Total group (j 4 subjects) 

Basal calories = 4.97S {<rb = 0.108) 
Basal calories = 48.49 ‘5° '’“ 


Lean women {24 subjects) 

Basal calories = 9.594 PF®-”' {ab = 0.184) 
Basal calories = 45.19 5® •®®‘ 

(fxb = standard deviation of exponent W) 


Well proportioned women {10 subjects) 
Basal calories = 5.010 IP^®-*’’ {ob = 0.267) 
Basal calories = 50-17 5®-”' 


For these subjects the basal heat production would seem ‘o b' 
pendent upon the weight than (he surface area but the powers 
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are different from those reported here for Ceylonese and from those given b)'’ 
Galvao for Brazilians. The climate of Madras is somewhat similar to that of 
Colombo (Madras has a mean annual temperature of 82.2° F. and a mean rela- 
tive humidity of 72%), so that it may be that these results from European 
■women represent the effect of acclimatization upon an organism previously 
adapted to a colder climate, where heat production is a function of the surface 
area. If this be the sole explanation then we should expect people native to 
Madras to have a basal heat production which is related to body weight in a 
manner somewhat similar to that already discovered for other Tropical people. 

Mason and Benedict (5) have measured the basal metabolism of South 
Indian women living in Madras. Examination of their data gives the following 
relationships: 

Told group {54 subjects) 

Basal calories = 8.204 (orb = 0.089) 

Basal calories = 42.36 5 “ •'>” 

Lean ■women (40 subjects) Well proportioned -women (14 subjects) 

Basal calories = 7.773 (<rb = 0.115) Basal calories = 12.29 W"-”' (ob — 0.134) 
Basal calories = 41.69 Basal calories = 45.02 

These equations are somewhat similar to those derived for European 
women in Madras but are unlike those obtained for Ceylonese and Brazilians. It 
is difficult to envisage South Indian women having markedly different meta- 
bolically active weights from their relatively near neighbors in Ceylon, espe- 
cially when the latter appear to behave similarly to the residents in distant 
Brazil. Full discussion of possible explanations of the differences must be left 
until the completion of further work on the relative importance of the many 
factors involved in the determination of the rate of basal heat production. 

In any event the figures given here for the basal heat production of Ceylo- 
nese are lower than those usually accepted for occidental people. It is generally 
agreed that people living in warm climates have lower basal metabolic rates 
than those in cooler regions (4, 6, 7) ; thus, for example, Mason and Benedict 
(5) reported a mean basal heat production of about 44 calories/hour/person 
for their group of South Indian women. There may be racial factors involved 
here (5) especially when it is remembered that Chinese and Japanese women 
living in the United States are reported to have a low metabolism (8), while 
Jamaicans are said to have basal metabolic rates similar to North Americans 
(9). Climate, however, is also important, since Europeans li-ving in the Tropics 
also have a low metabolism (4, 10, ii). 

Whatever the underlying cause, these low basal rates of metabolism in the 
Tropics are important in defining the calorie requirements of the people li'ving 
in these regions. One method of computing these requirements is to sum the 
daily energy needs for basal metabolism, work, minor activities and growth. 
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Using the regression equations derived above (table i) for basal calories and 
weight and the average weight figures obtained from a survey of 10,000 healthy 
Ceylonese subjects (12), we can calculate the average basal calorie needs 
(table 3). 

These figures do not allow for individual differences in physique but are 
probably sufficiently accurate for groups of people. 


Tabi£ I 


a) Relationship between basal heat production,^ andbodyweighP for groupsoj Ceylonese males and femeh 


SEX 

AGE IN YE. 

C = 0. 

Ci, 

ri 

Male 

10 

14 

i 8 

21-25 

c = 3.199 

C = 2.844 

C = 2.234 

C = 2.323 

0.0073 

0.0164 

0.0226 

0.0276 

0.998s 

0.9949 

0.9897 

0.9710 

Female 

lO 

14 

i 

21-25 

C = 3.062 
c = 2.240 

c= 2.265 1 

c = 2.274 

0.0290 

0.0743 

0.0563 

0.0268 

0.9932 

0.9171 

0.9432 

0.986s 

b) Relationship bi 

hn.ml heat mduction^ and surface for groups of Ceylonese ii 

tales and femalts 

SEX 

AOE IN -Wl. 

C^o,^ 

n, 

Tt 

Male 

10 

14 

i 8 

21-25 

C = 33-45 

c=t 37.69 

C = 31-33 

C= 26.68 

O.III 

0.141 

0.131 

0.09s 

0.9218 

0.7778 

0.8819 

0.9119 

Female 

10 

14 

18 

21-25 

C = 31.80 5 *-'" 

0 = 32.9451-’^ 

C = 28.11 

C = 3 i-i 75 *»‘ 

O.IOI 

0.173 

0.142 

0.021 

0.9234 

0.8449 

0.8922 

0.8759 


“ V = Standard deviation of regression coefficient hi. 

* - Standard deviation of regression coeffiaent & 2 . 

Correlation coefficient between log W 

. Correlation coeffiaent « =5: Eapreseed in m=. 
1 C: Expressed m cal/nr. • ^ 


* u; — 

eaenditvtre during what is conceived to te tie » J „„ 

his work period. Estimates of the energy F 
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cupations can only, therefore, be approximations to reality. The Technical 
Commission of the League of Nations (14) recommended 75 to 150 calories per 
hour of work as the supplement for the muscular activity of a moderately 
active man and, on this basis, it is usual to assume a work output of about 
icx)o calories a day in computing the requirements for Western people. 

The type of work usually performed in the Tropics is dissimilar from that 
done in Western countries. In general, it is not as heavy. Our physical fitness 
surveys have indicated that the Ceylonese has neither the physique nor the 
muscular development for such arduous work as the man in temperate 
climates and his strength is less (15). In addition, the tempo of existence is 


Tabke 2. Relationship between heat production* and bodv weight® poe groups of lean 

AND WELL PROPORTIONED CEYLONESE MALES AND FEMALES 


ACE IN YS. 1 

SEX ' 

PHYSIQUE 

C = 0 IF'’ 

ei 

f 

10 

Male 

Lean 

Well proportioned 

C = 2.972 IF®"" 

C = 3.214 IF"-”' 

0.0227 

0.0168 

0.9963 

0.9969 

Female 

Lean 

Well proportioned 

C = 2.82s lF“-'"> 

C = 3.420 1 F“’’“ 

0.0021 

0.0046 

0.9962 

0.9896 

18 

Female 

Lean 

Well proportioned 

C = 1.687 

C = 2.128 TF'>-’“ 

0.2504 

0.223 

0.8116 

0.9939 

2I-2S 

Male 

Lean 

Well proportioned 


0.1136 



iTt = Standard deviation of regression coefficient b. 
r = Correlation coefficient be given log IE and log C. 
* C: Expressed in cal/hr. ® W : Expressed in kg. 


dower in hot climates so that, during working hours, the rate of working is 
less that that usually found in colder countries. Further, the average weight ' 
of an adult, Ceylonese male is about 50 kg. and he is going to require less 
energy to move himself about than is the heavier (70 kg.) man in temperate 
climates. For all these reasons the energy needs of the Ceylonese, above his 
basal requirements, are going to be less than those of the European or the 
American, and these needs would probably be equivalent to an energy output 
of 750 calories a day (12). With a work efficiency as low as 20 per cent this 
would be sufficient for the performance of about 750,000 kilogram meters of 
external work. 

Furthermore, in relaxing Tropical environments, activity tends to be less 
during the non-working periods of the day so that the leisure hours of the 
Ceylonese are spent chiefly in sitting. 
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^ These considerations would indicate, therefore, the following enerev 
quirements for an average adult working man in Ceylon: ^ 

8 hours sleep (basal metabolism) 

8 hours awake (basal metabolism plus 30%) 

8 hours work (basal metabolism plus 750 calories) 


385 calories 
500 calories 
1135 calories 


Total 


2020 calories 


Allowing the usual 10 per cent loss for incomplete digestion and absorption, 
this corresponds to the purchase of food equivalent to 2200 calories per day' 
For hard work, the work allowance would probably have to be doubled and 
this would give a requirement of about 2800 calories as food. 

The requirements of a woman will be less. It is usual to estimate a woman’s 
activity as light work, requiring roughly two-thirds the energy of the moderate 
work of a man. The Ceylonese woman in the village has a work output that 
must approach that of the man and so, allowing for the smaller average weight 
of woman, 600 calories per day may be allowed for this. On this basis, we arrive 
at the following energy requirements of the average Ceylonese woman: 


8 hours sleep 
8 hours awake 
8 hours work 

Total 


746 calories 
450 calories 
946 calories 

1742 calories 


This would correspond to purchased food equivalent to 1900 calories per day. 

It is more difficult to compute the energy needs of children. The growing 
child is gaining weight and so excess energy must be taken into the body for 
this purpose. The rate of growth of Ceylonese children is less than that of 
Western races, e.g. 2.5 kg. per year between 10 and 14 years for males and 3 
kg. for females; between 14 and 18 years, 3.5 kg. per year for males and 1.75 
kg. for females and, between 18 and 21 years, an' increase of 0.5 kg. for the 
males. These weight increases are roughly equivalent to storing in the body 
the following calorie contents per month: 


ACE 

UALE 


10 to 14 years 

'500 

600 

14 to 18 years 

700 

350 

18 to 21 years 

100 



Children are always active; this is nature’s method of ensuring healthy 
muscular and nervous development. This activity tends to he iess m the re- 
laxing atmosphere of the Tropics and it is also influenced by food B 

less ^th a smaller consumption of food. The Technical “ 

League of Nations (14) has suggested that, for boys from ri to 5 y 
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and girls from 5 to 15 years, this muscular activity can be considered to be 
equivalent to light work, and, for boys from ii to 15 years, as moderate work. 
We have attempted to estimate, by the Douglas-bag technique, the rate of 
metabolism of healthy Ceylonese boys, aged 10 years and 14 years, while 
playing, and we have already given the regression equations relating the body 
weight to the energy output. The play represented only little more than al- 
ternate bursts of running and walking but it was hoped that it would give 
some indication of the energy expenditure of Ceylonese boys during play. 
Calculating, by these equations, the energy spent in play by the average boy 
and takin g these in conjunction with the estimated basal metabolic rates given 
in table 3, and also allowing for the length of time spent in sleeping and at 


Table 3. Average basal metabolism rates por Ceylonese op vaeiocs ages 


ACE IS YR. 

SEX 

AV. WEICST 

1 

AV. BASAL UETABOLIC KATE 



kg. 

cal/hr. 

10 

Male 1 

24.0 

35-2 


Female 

23-3 

36. s 

14 

Male 

33-7 

44.2 


Female 

36.6 

42.9 

i8 

Male 

47'.3 

48. s 


Female 

40.3 

38.9 

2I-2S 

Male 

49.6 

1 

48.1 


Female 

43-5 

1 43-2 


school or in minor activities (these are average times obtained from our sub, 
jects), the energy requirements of these Ceylonese boys can be computed as' 

Boys aged 10 years: 

12 hours sleep (basal metabolism) 458 calories 

6 hours school and minor activities (basal metabolism plus 30%) 298 calories 

6 hours ‘play’ (basal metabolism plus 306 calories) 535 calories 


Total 

Boys aged 14 years; 

10 hours sleep 

7 hours school and minor activities 
7 hours ‘play’ 


1291 calories 


442 calories 
402 calories 
817 calories 


Total 


1661 calories 


We have made no estimations of the energy output of Ceylonese girls at 
play but it seems reasonable to assume that an allowance for play similar to 
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.that for the boys would not be too little and may be too generous fpt 1. . 

14 years) Such aUowances would make the dahy energy requiremelts o'ce 
lonese gmls, 1.40 calories at xo years and 1670 calories at x" yelT 
^ These theoretical deductions from observed metabolic rates for CevlonP.. 
give daily calorie requirements which are lower than any previously 
mended (table 4). It is pertinent to ask, therefore, whetUr these « 

net daily energy requirements correspond to the observed calorie intakes of 
Ceylonese subjects. 


^ Most nutrition and dietary surveys in Ceylon have been done on the 
family basis and the calculations of the energy intake per adult have been 
made by the use of man-value scales (16-18). The actual figures obtained have 
been partly dependent, therefore, upon the scale used and, in addition, these 
scales have invariably been constructed from data obtained from Western 


Table 4. Coupasison of suggested caeobie kequirements of ceylonese with PREVjocsiy 

SUGGESTED SCAtES OP CAiOElE EEQUIREMENTS 


AGE 1 

SEX 

! 

lEAOtrE or 

' NATIONS 

( 27 ) 

1 

KATtOKAI. 

RESEARCH 

COUNCIL 

j ( 28 ) 

SOUIHEBN 

INDIA 

(bicwood, 

, 29 ) 

L . , j 

JAJAN 

(BIOWOOD, 

29 ) 

i PKSEKT 

1 VAIOES 

Adult ' 

Male 

3000 

3000 

1 2600 

2400 

2020 


Female 

2400 

2500 

j 

2080 

1920 

1740 

14 years 

Male 

i 2400 

3200 ' 


1920 

1660 


Female 

2400 

2800 


1920 

l6^^ 

10 years 

Male 

X920 

2500 

mSm 

1680 ' 

1290 


Female 

1920 

2500 

HgH 

1440 

1240 


people. Studies of individual Ceylonese children's diets, of the diets consumed 
by individual European subjects living in Ceylon and of the diets of individual 
Ceylonese medical students have, however, been reported (19, 20). All the 
subjects studied were apparently healthy on clinical examination, they gave 
good medical histories, were normally active and belonged to the middle 
classes of Ceylon, so that presumably they could afford to buy an adequate 
diet. The group of medical students was under constant observation during 
metabolism experiments for a period of over 3 months (21) and their weight 
remained constant during tliis time, which indicates a balanced calorie intake. 

The mean daily calorie intake for the group of Europeans was found to 
be 2770 ± 188 calories for the men and 1910 ± 95 calories for the womem 
These values are about 90 per cent of those reported by Widdowson (22) an 
Widdowson and McCance (23) for middle-class men and women %ung 
England and they do agree with the lower metaboHc ^ 
observed for Europeans living in the Tropics. The male, adul y 
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cal students had a mean net daily energy intake of 2025 calories (cf. 2020 
calories as our calculated requirement). The net mean calorie intakes for 
Ceylonese boys aged 10 years was found to be 1128 ± 37 calories per day 
(calculated requirement 1290 calories) and for boys aged 14 years it was 1623 
± 41 calories per day (requirement 1670 calories). These figures indicate, 
except at the age of 10 years, a remarkably close agreement between observed 
intakes and calculated requirements. 

It can be objected that we are here comparing ‘intakes’ with ‘require- 
ments’ but it has been reported that, if people are deprived of some normal 
source of calories, then appetite compels them to make good this loss by turn- 
ing to some other source of supply (24, 25). In other words, for healthy people 
where there are no restrictions on food supplies, calorie intake is a fair measure 
of calorie requirement. 

A further objection may be that we are dealing here with subjects who are 
much smaller and lighter than the average Occidental and that increased 
nourishment during the years of growth would improve their physique. In 
addition the observed low metabolic rates may also be an expression of sub- 
optimal nourishment. This may be true, but it must be emphasized that we 
are reporting here results from middle-class Ceylonese and that the great 
majority of the population have even lower calorie intakes (17, 18). The initial 
problem is to give the poorer classes a diet which would give them the physique 
and the health of the middle-classes. 

It must be further emphasized that the suggested requirements are only 
average values, which may be useful when comparing or recommending diets 
for communities or groups of people; it is doubtful whether they have much 
value when applied to individuals. Thus, for our groups of men, women and 
children, the daily calorie intake showed a wide variation between subjects, 
and other individual dietary studies have given similar results (22, 23, 26). 
Possible reasons for this have been discussed elsewhere but it does seem that 
each individual has his or her own characteristic calorie intake and that the 
factors determining this have still to be defined (19, 20, 27). 

Not only does the basal heat production vary from subject to subject, 
but the apparent energy expenditure on work and the every-day activities of 
life varies widely between individuals. This is well illustrated by our group of 
12 male medical students (numbers i to iz inclusive of table 6). These students 
lived in the same hostel and their duties and other activities were very s imil ar. 
They were imder continuous observation, during mineral metabolism experi- 
ments, for at least 12 weeks and, on five separate occasions during this period, 
their individual daily food was weighed for 7 consecutive days. This weighing 
has enabled us to estimate their average net daily calorie intakes and, in table 
5 ) their intakes are compared with their measured basal heat production. 
Subtracting the basal heat production from the estimated calorie intakes gives 
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an estimate of the daily calories used by each individual for his work and dailv 
minor activities. (All the subjects maintained a constant body weight durina 
the period of tee experiment.) These excess daily calories vary widely from 
individual to individual and bear no obvious relationship to body weight. 
Presumably the efficiencies of digestion, absorption, and utilization of food 
the specific dynamic action of food and the mechanical efficiency of muscular 
effort all may vary between individuals and so account for the different calorie 
needs of these subjects. 


TABI.E 5. Measured basal heat productions and calculated calorific values of food intake 

OF T 2 CEVLONESE MEDICAL STUDENTS 


SUBJECT 

KO. 

BASAL HEAT 

pboduction 

AV, NET 
CALORIFIC 
VALUE or FOOD 

CALORIES IN 
EXCESS OP 
BASAL 

ST 7 BJECT 

NO. 

BASAL HEAT 
PBODUCtlON 

AV. NET 
CALORIFIC 
VALUE OF FOOD 

CALORIES IN 
EXCESS 0 ? 
M 5 AI 


eallday 

inlake/day 



cal/doy 

inlaie/Jay 


I 

1233 

2006 

771 

7 

IOS 3 

2313 

1260 

2 

1248 

2229 

981 

8 

1248 

1834 

584 

3 

1563 

2161 

598 

P 

1308 

1942 

634 

4 

1374 

2115 

741 


1380 

2049 

769 

5 

1182 

199s 

813 


1425 


410 

6 

118s 

1806 

621 

WM 

840 

2017 

1177 


SUMMARY 


The basal heat production of 225 Ceylonese subjects, male and female and 
of various ages, has been determined. 

It would seem that, for both sexes and at the various ages, the rate of 
energy production of Ceylonese while resting and fasting can be represented 
by the equation, 


Calories/hour = a IT®-’®, 

tliis energy production being more closely related to a power of the body 
weight than to tee body surface area. The heat production per unit of meta- 
boIicaUy active weight is greater for well proportioned people than for the 
lean. The energy produced, surplus to basal, by Ceylonese boys during play 

was proportional to tee body weight. 

On the basis of these figures, the calorie requirements of Ceylonese have 

been tentatively computed and those requirements have been ™ 

the net daUy calorie intakes, estimated from measurements rf “ 

A remarkably dose agreement between the observed intakes and calculated 

requirements was obtained. 
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Effect of Skin Temperature on Salt 
Concentration of Sweat 
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ARIATIONS IN THE CHLORIDE concentration found in the sweat of men 
range from 5 mEq/1, reported by Conn, Johnson and Louis (i) in subjects 
acclimatized to heat, to values above 100 mEq/ 1 . found in some individuals 
by Robinson, Dill, Wilson and Nielsen (2), Johnson, Pitts and Consolazio (3) 
and Ladell (4). These variations are not all related to individual variations 
since sweat collected at different times from the same individual may show 
different concentrations. Mickelsen and Keys (5), Ladell (6) and Kuno (7) 
have found that sweat collected from different skin areas of the same man may 
vary in salt content. Some authors have ascribed the variations in the same 
individual to acclimatization to a hot climate with accompanying changes in 
activity of the adrenal cortex, others to changes in salt balance of the indi- 
vidual, and still others to changes in skin and rectal temperature and to the 
rate at which the sweat is secreted. Johnson, Pitts and Consolazio (3) give 
some evidence that the lowering of sweat chloride during the days of acclimati- 
zation of men to heat may be due to the lowering of skin and rectal temperature 
as temperature regulation improves. In order to imderstand the causes and 
mechanisms of these variations, experiments are needed to test separately the 
effects of the different factors concerned. In this study we planned to determine 
if possible the direct effect of temperature of the sweat glands on the salt 
concentration of the sweat being secreted. 


RROCEDTJRE 


Young men in good physical condition were used as subjects in this study. 
Four of the subjects were studied in varying degrees of acclimatization to heat. 
The experiments were of 2 to 6 hours duration and were carried out in an air- 
conditioned room in which air temperature and humidity were held constant 
during each exposure. The men walked on a motor-driven treadmill at 5,6 
km/hr. up a 2.5 per cent grade during the exposures. Sweat for analysis was 
collected from the men’s hands and forearms in elbow-length rubber gloves. 
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A tube was fitted into the small finger of each glove so that sweat samples 
could be drawn at any time without removing the glove. The men’s hands and 
arms were thoroughly washed in distilled water and dried with clean gauze 
before donnmg the gloves. Cotton gauze, previously washed with distiUed 
water, was wrapped around the arm and mouth of each glove to prevent sweat 
from the upper arm from running into it. In order to study the effects of local 
variations of temperature on the volume and composition of the sweat 
secreted by the hands and forearms, each subject’s two gloved hands were 
maintained simultaneously at different temperatures and the sweat secreted 
into each glove was collected every half hour. For convenience, the sweat 
secreted by hand and forearm and collected in the gloves will be called the 
hand sweat throughout the remainder of this paper. In the environments used 
in this study the working subject’s hands could be maintained steadily between 
36° and 37°C. by covering the rubber gloves with wet cloths. Hand temperatures 
were maintained at any desired level between 20° and 35°C. or above 37°C. 
by submerging the gloved hand and forearm in water at appropriate temper- 
atures. High hand temperatures were maintained in a few cases by simply 
exposing the gloved hand to the environment without a bath or wet cloth. 
Eadi subject had his left hand cooled in some experiments and his right hand 
cooled in others. During all exposures the men kept their weights constant by 
drinking measured quantities of water at frequent intervals. The drinking 
water was kept at a temperature between 35° and 36°C. Skin temperature was 
measured at 15-minute intervals by thermocouples held in place by elastic 
bands at the following locations — knee, chest, shoulder, hip and radial aspects 
of the first phalanges of both forefingers. Rectal temperature was measured 
every half hour by clinical thermometer. Total hourly rates of sweating were 
calculated from the nude weights of the men taken hnmediately before starting 
and at the end of each hour of the experiment, taking into account their water 
intake and urine output, if any was voided, during the experiment. The sub- 
jects stopped walking for 5 minutes at the end of each hour for the weighings. 
Chloride in sweat was determined by the method of Schales and Schales (8) 
and sodium by that of Butler and TuthiU (9). 

RESULTS 

Table i gives the concentrations of chloride in sweat collected from the 
hands and forearms of 4 subjects in experiments in which one gloved hand of 
each subject was kept between 35.7° and 37.i°C. while the other was either 
cooled or was warmed to an even higher temperature. In 30 of the 31 experi- 
ments in which one hand was at least i.s°C. warmer than the other, the warm 
hand secreted sweat with a higher concentration of chloride than the cooler 
hand. With the one exception noted, this local effect of hand temperature on 
chloride in the sweat was in the same direction regardless of variations in the 
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DATE 


2/9 

2/12 

2/13 

5/3 

S /4 

s/s 

S/6 

S /7 

S/io 

S/ii 

S/i2 

S/r 4 


2/9 

2/12 

2/13 

5/3 

S /4 

s/s 

S/6 

s/7 

s/io 

S/ii 

5/12 

S/14 
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Responses op men to woett x 

SEVERE HEAI* 


ydumt 2 


R.S. (i hr. work, i hr. rest, z hrs. work) 


AIX, D.B. 

TEMP., 

W.B. 

BECIAt, 

FINAL 

SKIH, AV. 

SWEAT, 

TOTAL 

COOL HAND 

temp. 

sweat 

Cl 

°C. 

°c. 

°C. 

°C. 

kg/hr. 

°C. 

cc/hr. 

rtEq/l. 




M.B. ( 

z hrs. work) 



SO . 3 

31. s 

38.1 

3 S-I 

1.27 

27.8 

22.0 

30.6 

SO-S 

32 . S 

38.0 

36.5 

1. 19 

28.8 

19.0 

21.9 

so. 7 

32.6 

38.0 

36-4 

1.13 

22.4 

S -0 

14-3 

So.o 

31.0 

38.0 

36.1 

1.26 

36.3 

28.0 

34.2 

49-2 

31.2 

38.0 

34-8 

1.39 

29.6 

36.0 

23.0 

SO.O 

30.9 

38.0 

3 S -8 

1. 41 

34-3 

62.0 

26.1 

49-6 

30.4 

38.0 

3 S .7 

1.56 

36.7 

56.0 

40. s 

44. s 

28.0 

37.8 

3 S .4 

I. os 

34-7 

34-0 

19-s 

4 S.O 

29.0 

38.0 

36.0 

1.26 

34-2 

36-0 

20.7 

44.6 

29,7 

37.9 

3 S -6 

1. 10 

30.2 

25.0 

II-S 

44.2 

27,8 

37.8 

3 S.r 

1. 10 

3 S -9 

3 S -0 

30.9 

4 S .3 

27.9 

37.9 

3 S .2 

0.99 

25.6 

20.0 

10. 0 




R.B. (z 

hrs. work) 



S0.3 

31-S 

38.S 

36.2 

1.36 

27.9 

18.0 

50.0 

SO-S 

32. s 

38.3 

36.2 

I.X 7 

29.0 

32.0 

48.8 

SO - 7 

32.6 

38.3 

3 S -6 

1.44 

19-7 

10. 0 

31-7 

SO.O 

31.0 

38.2 

36-0 

1. 41 

36.0 

32.5 

64.9 

49.2 

31.2 

38.1 

34-3 

i.SS 

29-S 

32.0 

44-8 

SO.O 

30.9 

38.0 

3 S .2 

I. 4 S 

34-1 

3 S-S 

4 S-S 

49.6 

30.4 

38.1 

3 S .9 

1.7s 

36-S 

38-S 

58.1 

44. S 

28.0 

38.0 

3 S .2 

1-25 

35-0 

18.5 

22.4 

4 S .0 

29.0 

38.0 

3 S .9 

1-35 

34-1 

25.0 

41-9 

44.6 

29-7 

37-9 

3 S -4 

1.17 

29.8 

14.0 

16.3 

44.2 

27.8 

37.9 

3 S .2 

1.21 

35-9 

iS -5 

35-1 

4 S .3 

27.9 

38.1 

3 S-I 

1.03 

24-9 

20.0 

14-7 


WASmuSD 
temp. ET|.ejt Cl 
°C. ccih. nBili. 


S/16 

Sr.o 

31-z 

38-4 


1-33 

28.0 21.0 16.5 

S/30 

51.7 

27-4 

38.1 


1.27 

22.2 35.5 33-0 

s/31 

So.i 

28.2 

38.2 


1-44 

31.0 51.0 30.9 

6/1 

49-6 

29 -S 

39-2 

36.2 

1-44 

36.7 20.5 19.9 




R.M. (r hr. work. 

I hr. rest, 

2 hrs. work) 

S/16 

SI-0 

31.2 

38-6 


1.26 

25.5 10. 0 8.r 

5 / 30 

SO. 7 

27.4 

38.0 


1. 25 

20.5 24.5 H -5 

S/31 

SO.I 

28.2 

38.0 


i-Si 

30.4 60.0 18.6 

6/1 

49-6 

29-S 

38.6 

36.3 

i-Si 

37.2 58.0 16.0 


3S.9 

36.7 

37.1 

36. S 

36.8 

35.9 
38.8 

36.2 

36-3 

36.2 

38.7 

36.4 


36-7 

36.7 

36.5 
36.4 

36.1 

36.2 

38.8 

3 5- 7 

36.4 

36.0 

38.6 

36- 0 


36.8 
36.2 

35-7 

38.8 


$ 6.5 

$ 6-9 

36.4 

38.6 


12.0 
SI-0 
S 9-0 

24.0 


21.0 

34 -S 

70.0 

46.0 


44-2 

38.5 

3S-S 

34.1 
34-S 
43-2 

42.8 
21-S 
28.3 

25.2 

34.9 

26.6 


58.5 
60. s 
43-9 

76.8 

60.6 
50-4 
47-2 

28.8 

42.0 

34-7 

41.1 

28.4 


18.3 

45-9 

43-1 

21.6 


12. 1 
31-2 
28.7 
16.4 


iThe temperatures of their hands and torearms were during 

for analysis were collected simultaneously from both hands m elbow-length rubber gloves g 

work periods. , 

general level of sweat chloride which might be due to acclimatization, to the 
rate at which the sweat was secreted, or to possible other factors. 
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There were reductions of chloride in the sweat from day to day with 
repeated exposures of the men to heat and yet the differences between the 
sweat chloride of the 2 hands maintained at different temperatures in the same 
exposure were present at all levels of acclimatization. This may be seen in the 
data from subjects R.B. and M.H. where reductions of sweat chloride related 
to acclimatization were moderate because they were sweating only 2 to 3 
kg/day in 2 hours of work in the heat (fig. i). It is also shown in subjects R.S. 
and R.M. in whom acclimatization was more complete because they were 
sweating 5 to 6 kg/day in 4-hour exposures (table i). The last 2 men had just 
completed 7 daily exposures on May 16 and the chloride concentrations in 
their sweat were low. They had 14 days of rest from the heat with unrestricted 
diet before starting the experiments on May 30; as a result their sweat chlorides 
were again high on the starting day but underwent rapid reductions in the 
following 2 days. The characteristic effect of differences in hand temperature 
on sweat chloride during a single exposure occurred in all of these experiments. 

The data in table i show only small variations of the men’s rectal temper- 
atures from one experiment to another and in this range the variations of sweat 
chloride due to differences in hand temperature during a given exposure were 
independent of rectal temperature, i.e. a high hand temperature raised the 
sweat chloride regardless of the height of the rectal temperature. This indicates 
that the observed temperature effect is directly on the sweat glands and not 
through nervous or hormonal mechanisms. The small variations of rectal 
temperature of each individual which occurred from day to day in these - 
experiments were dependent upon variations of the heat stress and of the 
subject’s state of acclimatization and salt balance. Cooling one hand and 
forearm to 25°C. significantly lowered the overeJI heat stress under otherwise 
constant conditions. A salt deficit produced by losing more salt in the sweat 
for 2 or 3 days than is being ingested results in elevated rectal temperature by 
men working in the heat (10). The relative constancy of rectal temperature in 
these experiments was dependent upon the fact that aU 4 men were partially 
acclimatized in so far as heat regulation was concerned as a result of exposures 
to sunilar stresses 2 to 4 weeks before these experiments were begun. Robinson 
et al. (ii) have found that men retain their ability to regulate body temperature 
under heat stress for several weeks after exposures cease. On the other hand the 
reduction of sweat chloride occurring with acclimatization to heat may be lost 
in 4 to 8 days foUowdng the last exposure to heat. 

Dill et al. (12) found a positive relation between sweat chloride concen- 
tration of men and the rate at which the sweat was secreted. Our data in 
table I indicate that the rate of sweat secretion by hand and forearm was 
subordinate to hand temperature as a factor in determining the concentration 
of chloride in the sweat. In R.B. hand temperatures of 36° to 38.8°C. reduced 
the rate of sweating by hand and forearm to values below those observed in 
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the cooler hand. A similar reduction of sweating by the warm 
served in from one-fourth to one-third of the eitpcrLents on to S 
jects^ However, the difierences in the concentration of chloride in to 
due to hand temperature were not affected by these variations in to rite " 
weatrng m the hand. In 15 experiments on all 4 subjects the coot tanTaT 
forearm were found to sweat faster than the warm hand and forearm and in^ 
of these 15 experiments the chloride concentration was lower in the cool hand 
In 14 experunents the warm hand secreted more rapidly than the cool hand 
and yet the increases in chloride concentration in sweat from the warm hand 
were no greater than in the experiments in which the warm hand had secreted 
less rapidly than the cooler hand. The high rates of sweating maintained in the 
cooled hands of these subjects are dependent upon the intense general stimulus 
for sweating provided by the extreme heat and work stress. The depression of 
sweating by high skin temperature under these conditions has been previously 
reported and discussed by Robinson and Gerking (13). 



Fig. I. Relation of hand teu- 
pesathre to the chtoride concen- 
tration of sweat secreted from the 
hands of men on days i and 2 
before acclimatization to heat, as 
compared with values obtained 
after 7 to 9 days of acclimatiza- 
tion. The temperatures of each 
subject’s 2 hands were controlled 
simultaneously at different levels 
during each exposure. See tabic i 
for conditions of work and en- 
vironment during the experiments 
from May 3 to May 12. 


As a further test of the effect of local temperature on the concentration 
of salt in the sweat, two 3-hour experiments were run on subjects M.B. and 
R.B. in which one gloved hand was maintained at 36°C. throughout the experi- 
ment while the opposite hand was kept at 39 . 5°C . during the first hour , changed 
to 28°C. in the second hour and finally raised to 36°C. in the third hour. 
Samples of sweat were collected each half-hour. The effects of these variations 
of temperature on salt content of sweat are given in figure 2. In the hand whose 
temperature was varied there was a marked reduction of chloride concen- 
tration in the sweat during the hour of cooling and then a gradual rise in the 
third hour when the temperature was raised again. No such changes occurre 


in the hand maintained at a constant temperature. 

As an additional test of the consistency of the temperature effect on tht 
salt concentration in sweat, experiments of 4 to 6 hours duration were came 
out on 4 partially acclimatized men working at the standard rate in u 
heat (dry bulb temperature 34-5°C., wet bulb 33-5°^.)- The skin 
of one of each subject’s gloved hands was kept at approxima e y 37 
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the opposite hand was cooled throughout each exposure and samples of sweat 
from hands and forearms were taken each hour. The men’s average skin 
temperature remained practically constant at about 36°C. throughout the 
exposures. Their average rectal temperature rose from 38.3°C. in the second 
hour to 38.6°C. in the last hour. Their total rates of sweating in the first hour 
averaged 1.33 kg. and had declined to an average of 0.4 kg. in the last hour of 
■work. The detailed results of the observations on the temperature and sweat 
secretion of their hands and forearms are given in table 2, and average values 
are given in figure 3. In aU 4 subjects the concentrations of both sodium and 
chloride in the sweat of the warm hand were consistently higher throughout the 
exposures than corresponding values for the cooler hand. In general sodium 
was slightly more concentrated than chloride in the sweat. The lower salt 
concentration of sweat secreted by the cool hand prevailed in all 4 subjects 


Fig. 2. ElTECr OF CHANGING 
THE TEMPERATURE of One hand 
upon the concentration of chlo- 
ride in sweat bang secreted from 
this hand as compared t\ith values 
obtained simultaneously from the 
subject’s other hand which was 
maintained at a constant temper- 
ature. Values plotted represent av- 
erages of data obtained in experi- 
ments on subjects R.B. and il.H. 
The men -walked on the treadmill 
(M.R igo^ Cal/m*/hr.) during 
each exposure (D.B. 45.2; W.B. 



even though the rate of sweat secretion by the cool hand was consistently and 
significantly higher after the first horn: than the rate observed for the warm 
hand. This is further e'vidence that local temperature is a more important 
factor than the rate of sweat secretion in determining the salt concentration 
of the sweat. However, it is e-vident from the data in figure 3 that the general 
changes in the rate of sweating by a given hand in relation to hours of exposure 
were accompanied by parallel changes in salt concentration of the sweat: i.e. 
a decline or increase in sweating with time was generally accompanied by a 
corresponding decline or increase in the concentration of salt. Although thig 
relationship prevailed it cannot be said that the changes in sweat rate caused 
the corresponding changes in sweat chloride. As stated above, the men’s 
rectal temperatmes tended to rise slightly between the second and last horns 
of exposine, a change which was in the opposite direction from the changes in 
sweat chloride during the same time. 

It should be emphasized that the data (table i and fig. 1) provide evi- 
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dence that the reduction of sweat chloride from day to day occurring in „ 
climatization is not necessardy dependent upon a reduction of the skin nmnnr. 
ature, the rectal temperature or the rate of sweating of the subject. In fa 
with subjects R.S. and R.M. who were sweating 5 to 6 kg/day, acclimatization 
from May 30 through June i caused daily reductions of sweat chloride from a 
given hand despite corresponding increases in hand temperature ranging from 


Table 2. Salt concentration in the sweat of men in 4- to 6-hour periods of 

WORK (M.R. 190 CAL/mVhR.) PERFORMED IN SEVERE HEAT (d.B. 34.5; W.B. 33 .s‘’c.)‘ 



Isi nous 

2nd nouE 

3 ed nous 

4th hohe 

■ Sth houe 

Cthhoci 

SUBJ. 

warm cool 

hand hand 

^arm cool 

hand hand 

warm cool 

hand hand 

warm cool 

hand hand 

warm cool 

hand hand 

warm coo) 
hand hand 


Hand Temperature, °C. 


/.p. 36.9 

29.8 

37-0 

31-4 

37-0 

28.9 36.9 

27.2 

36.9 

28. s 37.2 

28.5 

B.B. 37.2 

33-1 

36.8 

33-7 

36-9 

33-1 36-S 

32.3 

36.8 

31-9 36-8 

31-6 

L.G. 36.6 

24.8 

36-6 

30-3 

36-S 

30. S 37-1 

28.6 

37-2 

28.6 37.1 

28.6 

ir.K. 37.0 

26.2 

37-2 

26.9 

37-1 

25-6 37.4 

26.6 








Band Sweat, cc/lir. 





/.p. 89.4 

80.0 

72.0 

98. s 

S 3-7 

68.9 43. s 

SI -4 

36.3 

40.4 28.1 

36-9 

B.B. 57.0 

58.9 

32.0 

4 S -0 

23 -S 

33-3 12.4 

20.9 

9-1 

18.1 8.7 

19-3 

L.G. 61,2 

39-7 

37-7 

S 8.7 

21.3 

43-0 13.9 

27-7 


24.6 9.0 

24.0 

49-2 

28.3 

36.0 

46-S 

24.8 

36.0 17.3 

33-0 

j 9-6 







Sweat Chloride, mPqjl. 





J.P. 18.2 

13.6 

17.6 

16.6 

16.2 

16.0 14. s 

13-6 

iS -3 

13-6 iS -7 

13.6 

B.B. 56.4 

49.2 

SI -3 

4 S -6 

49-7 

41.0 43.6 

32.8 

37-0 

24-1 43-6 

29.8 

L.G. 49.6 

34-8 

48. s 

47-2 

S 2-3 

43-4 48. S 

36.0 

39-2 

28.3 36.0 

27-4 

W.K. 28.9 

I 9 -S 

31.0 

26.8 

3 S-I 

26.5 28.9 

25-1 








Sweat Sodium, mEqll. 





J.P. 18.6 

16.6 

18.8 

17-S 

18.0 

16 . 5 is-o 

14.7 

16.4 

I 4 -I 14-S 

14.1 

B.B. 57-7 

SI -I 

S 2-3 

47-3 

So -9 

41.8 49-7 

33-3 

38.0 

24.2 45-0 

30-3 

L.G. 51.6 

44.4 

SI-2 

48.4 

S 2.4 

4 S-I 47-1 

34-8 

37-8 

26.3 30.0 

24.0 

TF.A'. 28.8 

20.2 

29.4 

2 S -9 

29.8 

24-3 25.4 

22.0 


. 



1 The temperatures of their hands and forearms were controUed and hourly sweat samples (or 
analysis were collected in elbow-length rubber gloves. 


22° to 38.8°C. and of rectal temperature from 38.0° to 39 ; 2 °C- Table 1 shorn 
that when the daily sweat volume was large, acclimatization 
dominant factor than either elevated skin temperature » 
in determining sweat chloride concentration. As pointed ou t 

in table r and figure 3 ahow that local temperature 
glands is dominant over the rate of sweating in determmi g 

tration in the sweat. 
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DISCUSSION 

The above data on men working in severe heat provide ample evidence 
that locally cooling the skin below 36°C. lowers the salt concentration of the 
sweat being secreted and a higher skin temperature raises the concentration. 
There are three interesting characteristics and relationships of this response: 

1) The effect appears to be direct and not dependent upon a central or a 
hormonal control. The evidences for this are: a) if the 2 hands and forearms of 
a man were simultaneously kept at different temperatures, the chloride concen- 
tration of sweat collected from the cooler one was significantly lower than 
from the other, b) raising the skin temperature of a single hand and forearm 
raised its sweat chloride within 30 minutes, while lowering the skin temperature 
lowered the sweat chloride, and c) the effect on sweat chloride was independent 
of variations in the men’s rectal temperature observed during the exposures. 

2) The direct effect of temperature in altering the salt concentration of sweat 


Fig. 3. COilPABlSQN or SWEAT 
collected simultaneously from botii 
hands of men rvalking on the tread- 
, mill (M.R. 190 Cal/m’/hr.) in hu- 
mid heat (D.B. 34.5°C., W.B. 
33.5°C.). The skin temperature of 
one hand of each man was main- 
tained at an average of S7'‘C, 
while the other hand was cooled. 
The data represent averages of 
hourly values obtained on sub- 
jects J.P., B.B. and L.G. who con- 
tinued the work for 6 hours. See 
table 2 for individual values. 



was found at all stages of acclimatization, and yet the concentrations in both 
the warm and the cooled hand were reduced progressively by acclimatization. 

3) This effect of temperature was not dependent upon an increased rate of 
sweating from the region of higher temperature because in a majority of the 
observations local elevation of the skin temperature of hand and forearm above 
36°C. reduced the rate of sweating by the warmed skin area below rates ob- 
served simultaneously on the other hand and forearm being held at a lower 
temperature and yet in 96 per cent of all observations the cooler hand secreted 
more dilute sweat. On the other hand, changes in the rate of sweating during the 
course of a single exposure were found to be related directly to changes in the 
concentration of chloride in the sweat when the hand temperature was held 
constant. 

It must not be concluded from this discussion that the temperature of the 
sweat glands alone determines the salt concentration of the sweat of any one 
individual. Rather the data show that at least three factors (skin temperature, 
rate of sweat secretion and acclimatization) may operate alone or by super- 
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imposing their effects upon each other. Evidence from the data shows that ol 
the factors concerned acclimatisation is dominant over the others under con- 
ditions involving the secretion of large volumes of sweat each day. 


SUMMARY 

Men were exposed to severe work and heat stress in an attempt to deter 
mine the effect of varymg the temperature of the skin and sweat glands on the 
salt concentration of sweat collected from the subjects’ hands and forearms in 
elbow-length rubber gloves. When the 2 hands and forearms of each subject 
were simultaneously kept at different temperatures, the sodium and chloride 
concentrations of sweat collected from the cooler hand were significantly lower 
than from the other. The salt concentration of sweat from a smgle hand was 
raised or lowered within 30 minutes by a corresponding raismg or lowering of 
the hand temperature. This direct effect of local temperature on sweat chloride 
was independent of the men’s rectal temperatures observed during the ex- 
posures, was not dependent upon an increased rate of sweating from the region 
of higher temperature, and it was found at aU stages of acclimatization to heat. 

The concentration of salt in hand-sweat was reduced by acclimatization 
involving the secretion of large volumes of sweat by the men during daily 
exposures to work in the heat. In two series of experiments in which the men 
sweated 5 to 6 kg/day, acclimatisation produced significant reductions of 
sweat chloride on the second and third days of exposure even when the rates 
of sweating, rectal temperature and hand temperature were increased by 
greater stress. 

The authors are greatly indebted to J. L. Pope, Robert Bertholf, Walker Kirkes, Leon 
Glatt, Richard Shook, Richard Mundy, Max Headley and Robert Burger who served as 
subjects in these difficult experiments. 
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Relation of Maximum Grip Strength 
to Grip Strength Endurance 

W. W. TUTTLE, C. D. JANNEY and C. W. THOMPSON. From 
the Department of Physiology, College of Medicine, State University 
of Iowa, Iowa City, Iowa 


Q 

L^teength has been measured by dynamometers of various types since 
their introduction by Brigham in 1872 (1). In general, strength has been meas- 
ured either as contraction (2-4) or breaking strength (5, 6), expressed as 
pounds or kilograms. Up to the present time the dynamometers employed 
provide for measuring maximum strength only. If one wishes to gain a com- 
plete picture of strength in man, it seems necessary to record not only maxi- 
mum strength, but also the tension developed by a group of muscles over a 
period of time. 

In order to provide a complete picture of the tension which one is able to 
develop in a group of muscles, thus providing a means of comparing maximum 
strength with strength endurance, the dynamometer described in the following 
discussion was devised. In the investigation herein reported, only grip strength 
was studied, thus only a grip dynamometer is discussed. It should be added 
that the principles employed in the grip strength technique are equally appli- 
cable to the measurement of -the strength of almost any other muscle group. 

METHODS AND PROGEDCTRE 

General Description of the Grip Dynamometer. The dynamometer is shown 
in figure i. The subject places his hand around the grips A and B with the little 
finger against the stop C. This insures that the hand wiU be in the same posi- 
tion on the d3mamometer when repeated tests are made. When the subject 
squeezes, the lower ends of the dynamometer are pulled together, thus causing 
a small amount of bovnng in the region above the fulcnun D. The bovidng acti- 
vates a strain gauge (Statham Model Gi) E. This arrangement is used since 
the force required to actuate the gauge is much smaller than the grip strength. 

' The dynamometer is made of tool steel with the dimensions as shown in 
figure I. The grips A and B are made of aliunimmi and are secured by screws. 
As described, this dynamometer provides for a full-scale reading of 170 pounds. 
Other dimensions may be used to give either larger or smaller full-scale read- 
ings, but this is sufficiently large to measure the grip strength of the majority 
of men. A less resistant dynamometer with a full-scale reading of no pounds 

Received for publication February 6, 1950. 
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was constructed for women. Because of possible variations in the modulus of 
elasticity, different dynamometers may give somewhat difierent fuU .r 1 
readings even though they are made to the same dimensions. ^ 

It is necessary to protect the strain gauge against movement beyond its 
normal limit, which in this instance is 0.0014 in. This limitation of movement 
IS accomphshed by inserting between the handles of the dynamometer a block 
F, figure I, of such thickness that a mechanic’s dial indicator placed at G 
reads a displacement of slightly less than the movement limit of the gauge 

(0.0014 in.), when the handles of the dy- 
namometer are squeezed together. The 
range of the instrument is then the force 
required to close the handles of the dyna- 
mometer. 

If the capacity of the dynamometer 
turns out to be different from that desired, 
various changes can be made to alter it. a) 
Assuming the strain gauge contact is above 
the point at which the bulge is greatest, 
moving the gauge contact G up will allow 
the use of a thinner block at F and increase 
the range, d) Increasing the cross-section 
of the arms of the dynamometer will in- 
crease the range; and c) changing the posi- 
tion of the fulcrum D will change the range. 

Strain Gauge. The strain gauge con- 
tains a Wheatstone bridge. The 4 resist- 
ance elements are stretched wires. When 
the pin, which contacts the side of the dy- 
namometer at G is depressed, 2 wires, in 
opposite legs of the bridge, are stretched 
further and the other 2 wires are allowed 
to shorten. The result is a slight increase 
in resistance in the first 2 wires and a slight decrease in resistance in the 
second 2 wires. If the bridge was balanced to begin with, it now is unbd- 
anced. The movement of the pin is so slight that the output voltage is lin^ 

early related to the amount of depression of the pin. 

Any Statham Gi strain gauge is suitable as far as we know. The mo a 
G1-8-130 was selected and found satisfactory. The specifications for t ; 
model are: range, 8 oz.; maximum input voltage, 5; nominal resistance, 13c 

ohms; and maximum output voltage, 13 mv. , , . . tW 

Amplifier and Recorder. Obviously, if one is to record the outpu 
gauge, an amplifier must be employed. The ampHfier for the outpu vo 0 
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of the bridge and the supply for the input voltage are mounted as small units 
in a single cabinet. They are connected to the strain gauge by a 4'Wire shielded 
cable. The input is 2.5 volts, 60 cycle a.c., supplied by a filament transformer. 
The a.c. output from the strain gauge is fed into an electronic a.c. amplifier^ 
with a characteristic which is linear over most of its range. The output of the 
amplifier is rectified and operates a 5 ma. d.c. Esterline-Angus recording meter. 
The meter is operated at a chart speed of 3 inches (4 divisions) per minute. 
The output signal from the strain gauge is proportional to the input voltage. 
Thus it was necessary to adjust the input voltage to the gauge and the gain 
of the amplifier so that the range of the dy- 
namometer corresponds to the full scale de- 
flection of the recorder. 

Dynamometer Calibration. If the same 
force is applied to different points on the 
grip of the dynamometer different gauge 
readings will result, due to the variations 
in the length of the lever arm involved. 

This requires that calibration force be ap- 
plied at some uniform point on the dyna- 
mometer grip, so as to make calibration 
values reproducible. In order to calibrate 
the dynamometer, weights of known quan- 
' tity are applied to the midpoint of one 
handle of the dynamometer. This is accom- 
plished by turning the dynamometer on its 
- side in a cradle which always holds the 
lower handle in the same position, thus 
preventing variations in the point to which the force is applied. In order 
to apply the weight to the desired point a f-inch pipe attached to a fulcrum 
extends over and rests on the upper grip. Vertical guides prevent lateral dis- 
placement of the pipe. A vertical rod through the end of the pipe supports the 
• weights. The distance from the fulcnun of the pipe to the point of suspension 
' of the weights is twice the distance from the fulcrum of the pipe to the mid- 
point of the handle of the dynamometer. The weight of the lever is counter- 
' balanced so that the force on the gauge is twice the weight applied. A calibra- 
" tion curve (fig. 2) is established by plotting the weights applied against the 
, Esterh’ne-Angus recorder units. The calibration curve is linear except in the 
' lower 10 to 20 per cent of the range. Here it curves off, because of the non- 
linearity of the amptifier at such low signals. This, however, is unimportant 



Fig. 2. Caiibkation curve for the 
grip dynamometer for men. 


* The amplifier employed was furnished by the Collins Radio Company, Cedar Rapids, Iowa. 
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Since no one has been found with a strength as smaH as 20 per cent of n, 
range of the dynamometer used, 

In this laboratory 2 grip dynamometers are employed, one for women anH 
one for men. The one for women has a full-scale capacity of no pounds and 
the one for men, 170 pounds. It is a simple matter to change dynamometers 
since it is necessary only to plug the dynamometer into the amplifier and secure 
it by a lock-nut. The dynamometer described not only provides for the quan- 
titative measure of maximum strength but also for recording the strength for 
any desired period of time, thus providing a record of strength endurance. 

Strength Record. A strength record is shown in figure 3. In this laboratory 
it is the practice to record maximum strength over a period of one minute. 
Apparently one minute of maximum effort gives a representative picture of 



Fig. 3. Strength record for a period of one 
minute made by the Esterline-Angus recorder. Read 
from right to left. 


what an individual will do, since the output falls off considerably and the 
subject is well exhausted by the end of this time. In general, all strength rec- 
ords are alike. The records show that maximum strength is quickly attained. 
From this point there is a gradual but irregular falling off in strength. 

Strength Endurance. In this laboratory, strength endurance is defined as 
the average strength for one minute expressed as pounds. 

If the recording meter made a graph in rectangular coordinates the strength 
endurance index would be found by measuring, with a planimeter, the area 
under the strength curve, and dividing by the length of a one-minute time 
interval on the chart. In EsterHne-Angus recorders, however, the ordinate 
(strength) is measured over the arc of a circle instead of a straight hne, thus 
complicating the problem. This requires that aUowance be made for tnis 
characteristic; the procedure for making the adjustment is as follows. 

In the notation of calculus, 


I 


(i) 
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where S = average strength, and T = length of time interval. S(l) represents 
the curve of strength as a function of time. In order to interpret this integral 
in terms of the area under the curve, refer to figure 4. The element of area is 
a parallelogram (Z, fig. 4) whose area is 

dA = dt-ds sin a = —R cos (/3 — 7) d (/3 — y)dt (2) 

For the present, values of ds, S{t), S, dt, T, and R will be measured in centi- 
meters; and dA and A will be measured in square centimeters. 



Integrating equation 2 gives 


A = 



S{{)-F{S) dl 


(.3) 


The curve of F(S) can be calculated from the dimensions of the meter 
and chart which are used. For the chart used by the authors, F{S) is as shown 
in figure 5. It is to be noted that the variations in S which are observed in any 
single strength record result in only small percentage changes in F. This 
makes it possible to evaluate the integral in equation 3 with satisfactory accu- 
racy by the following approximation. 

The mean value o£the chart reading, S, is estimated by inspection of the 
chart. The value of F{S) corresponding to iWs reading is determined from the 

paph (fig. 5). Let us call this mean value F. Then F is substituted for F(S) 
in equation 3: 
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Velum 1 


Since F is constant 


A 

F 



dt 


Substituting in equation i we get: 

S = A/TF { 4 ) 

A is measured in square centimeters. If P is the planimeter reading and 
p is the factor for conversion of planimeter reading to square centimeters, 
then A = Pp. Since the strength endurance index is the average strength for 
one minute, T is the distance the chart travels in one minute in the recording 
meter. 



Fig. $. Factor tor correction of the area, due 
to curvilinear coordmates, in the computation of average 
strength for one minute. 


Since it is more convenient to nsensnte 5 » » «.i- 

meters, we divide the right hand j Pp/aTF chart 

nnit in centimeters. If the length of be evalua- 

units; or 5 - (P/aT)P/F chart units. The ‘I-nU^«r m 
ated for each chart, chart recording speed ^ 

case, p = 16.77 sq. cm/planimeter unit, T - 7-59 cm., ana. 

Hence _ 

S = 18.41 { PIF )- 

FormA 5 was used for computing S f Sa^oTXw- 

to this number of chart units was obtamed 

structed from figure 2- irivnlved in the approximation for F% 

In order to estimate tiie erro determined by dividing 

the average values of a linute ^ ch of these intervals was s or 

the interval T in^ xe to he estimated hy inspcCoa 

enough to permit an average tor ui 
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The 12 numbers so obtained were then averaged to obtain S. A comparison 
of results showed only one case in which the discrepancy between the value of 
S }aelded by this method and that 5delded by equation 5 was^ greater than one 
chart unit. Thus it seems that equation 5 yields a value of .S' which is correct 
to ±i chart unit. It does not seem worthwhile to try for greater accuracy 
since the meter reading itself is not more nearly correct than ±i chart unit. 

Calculation of the Strength Endurance Index. The strength endurance in- 
dex was determined as follows: 

1) Estimate the average strength for the duration of the effort by in- 

spection(. 4 ,fig. 3). _ 

2) Find the value of (F) from figure 5. 

5) Measure the area under the strength curve with a planimeter and re- 
cord it as planimeter units. 

Find the average strength, expressed as chart units, by dividing the 
planimeter reading by {F), and multiplying this value by 18.41, which is the 
value of 5 (see calculations). 


Table i 

SIGHT DAKD LETT HAKD 

(«».) m.) 

Maximum strength 108 ±21 9S ± 18 

S.E.I. 62 db 12 SS ± 10 

% S.E.I. of M.S. 60 ± 9 58 ± 9 

5) Refer to figure 2 to find the pounds equivalent of the average strength 
expressed as chart units. This is the strength endurance index. 

In figure 3, estimated average strength = 40 chart units {A)\ value of 
(F) (from fig. 5) = 0.94; area under the curve = 1.91 planimeter units; 1.91 X 
18.41/0.94 = 37 chart units {B, fig. 3); S.E.I. = 70 pounds (fig. 2). 

Calculation of Maximum Strength. Maximum strength is calculated by 
finding the highest point on the strength curve, in chart units. Then, by re- 
ferring to figure 2, the pounds equivalent to this value is secured. In figure 3, 
the highest point on the curve is 77 chart units which is equivalent to 134 
pounds. 

Relation of Maximum Strength to Strength Endurance. The dynamometer 
just described provides a method for gaining information relative to the ques- 
tion of whether the development of maximum strength is accompanied by a 
development of a proportionate amount of strength endurance. In order to 
gam the desired information, data were collected from a group of 200 subjects. 
AH those participating in the experiment were normal males ranging in age 
from 20 to 30 years. A strength record, representing the maximum gripping 
effort for a period of one minute was made by each subject for both right and 
left hands. The strength data are summarized in table i. 
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In order to find the relationship between marimum strength and strmMk 
endurance, the mardmum strengths for each subject were correlated 
strength endurance indices. The coefficient of correlation for the richt 
was 0.67 and for the left, 0.66. This means that the individual with the stontr 
grip can maintain a higher level of strength for the period of effort investigated 
the result being the same for both hands. ^ ’ 


Another question of interest relative to strength is, does the individual 
who possesses a high maximum strength possess strength endurance which is 
proportional to his maximum strength? In order to gain information relative 
to this point, the percentage of the maximum strength maintained for the one- 
minute period was correlated with the maximum strength. For the right hand 
the coefficient of correlation was —0.40 and for the left -0.41. TWs means 
that the stronger individual can maintain less of his maximum strength for a 
one-minute period than the individual who is less strong. This leads to the con- 
clusion that the development of strength endurance is not directly propor- 
tional to the development of maximum strength. 


SUMMARY AND CONCLUSIONS 


A dynamometer for measuring and recording maximum grip strength and 
strength endurance is described. In order to show the relationship between 
grip strength and grip strength endurance, data were collected from 200 uni- 
versity men between the ages of 20 and 30 years. The percentage of the maxi- 
mum grip strength which was maintained for one minute (strength endurance) 
was correlated with maximum grip strength. The coefficient for the right hand 
was -0.40 and for the left, -0.41. This suggests that stronger individuals can 
maintain a smaller proportion of their maximum strength than those with less 
initial strength. However, a correlation of maximum strength with the strength 
endurance index gave a coefficient of 0.67 for the right hand, And 0.66 for the 
left. This indicates that the individuals with the greater maximum strength 
have a greater strength endurance index. 
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Response of Human and Canine Gall 
Blander to Cholecystokinin^ 

R. W. DENTON, LEON L. GERSHBEIN, and A. C. IW. From 
the Department of Clinical Science, University of Illinois College of 
Medicine, Chicago, Illinois 


I he clinical interest in cholecystokinin (CCK) stems from the possi- 
bility that it may serve as a valuable means for ascertaining the evacuatory 
response of the gaU bladder to a standard stimulus. Although the Boyden 
fatty meal is now widely employed by radiologists for this purpose, several 
disadvantages are apparent. The meal does not present a standard stimulus 
in that the rate of emptying of the meal from the stomach is subject to varia- 
tion. This difficulty is probably enhanced when patients object to the taste 
or are nauseated by the meal. The latter does not lend itself for the grading 
of normal and abnormal function on a unitage basis as might be the case 
with CCK where definite dosages can be injected. Furthermore, it has been 
the hope of one of us (A.C.I.) that CCK might prove to be of value for the 
diagnosis of biliary dyskinesia (i). 

Gall bladder evacuation in response to CCK was first studied in dogs 
and cats by Ivy and Oldberg (2), who employed a rather crude preparation 
('1802’), likewise containing secretin (3). In one series of experiments on 
dogs, lipiodal was introdufced asepticahy into the gall bladder after the re- 
moval of some bile. From 18 to 24 hours later, the fasted, unanesthetized dogs 
were injected every 10 minutes for one hour with a dose of CCK concentrate. 
In 9 of 10 dogs, one-half or more of the lipiodal was evacuated from the gall 
bladder. Complete emptying of the viscus was not observed at any time. 

The investigation was later extended to human subjects by Ivy, Drewyer 
and Omdoff (4). Five normal subjects and 3 patients with biliary tract symp- 
tomatology volunteered for the study. A somewhat improved concentrate of 
CCK was employed, and visualization of the gall bladder was obtained by 
means of tetraiodophenolphthalein. The hormone concentrates (4) upon in- 
jection in amoimts of 25 to 30 mg. every 10 minutes for one hour in the normal 
subjects and for 30 minutes in the patients produced some degree of contrac- 
tion in 4 of the normal subjects and in 2 of the patients; complete emptying 

Received for publication May i, 1950. 
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occurred in one of the normal subjects. One patient with a nerirK 1 • 

whose gaU bladder evacuated partiaUy developed itching 
whose gaU bladde, did not coLact, I 

fained^“ '^'^“■'‘"'ued untU a more highly purified preparation coX be ^ 

In the present study , gall bladder evacuation was followed in normal human 

subjects after a single injection of a CCK concentrate. Priodax being used fm 
the visualization of the viscus. Although more potent concentrates of CCK 
have been produced in this laboratory (5), the present preparation was adopted 
because it was shown to be free of vasodilatins, aUergens, and pyrogen. A few 
of the subjects were reinjected with the same or a larger dose at a later period. 
The study was paralleled by experiments on a number of dogs employing the 
above as well as cruder concentrates, the purpose being to deduce dose-re- 
sponse relationships. In addition, the response to successive doses were carried 
out on dogs. 


EXPERIMENTAL 


Preparation of CCK Concentrates 


A . SI concentrates. The isolation of these products was affected by treat- 
ment of hog duodenal extracts with trichloroacetic acid according to the method 
of Greengard and Ivy (6). One product (SI-46) included a chloroform treat- 
ment step in its preparation leading to a reduced secretin content (5). The 
preparations were low in vasodilatin. 

B. Clinical sample {CCK-iooA). The preparation of hormone concentrate 
used on the human subjects was obtained by further enrichment of SI with 
aniline according to the Greengard and Ivy procedure, no picrolonic acid being 
employed in the final stages (5). The dry highly water-soluble product was 
dissolved in pyrogen-free water, pipetted into vials, and lyophilized. The con- 
centrate which assayed 6.0 units CCK/mg. and 6.0 units secretin/mg. (7) was 


stored in the cold until used. 


Testing of Clinical Sample. Very small or insignificant blood pressure 
decreases were noted when 25 mg. of the preparation was injected intravenously 
into dogs. A rise in the rectal temperature of dogs did not occur after the in- 
jection of as much as 40 mg. of the preparation. This showed the absence of 


pyrogen in the dose to be employed. 

Antigenicity was examined by injecting five 250-gm. female guinea pigs 
subcutaneously with 2.0 mg. of CCK-iooA on 3 alternate days. Some sloug 1 g 
was noted at the site of injection, due to the acid reaction of the aqueous so u- 
tion. On the 21st day, each was injected intracardiaUy with 4-7 ° . 

product. Although shakiness and incoordination was observed, no an W 
resulted. Similar symptoms occurred with guinea pigs receiving ony 
tracardial dose. All of the animals survived. 
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Sterility was tested by the inoculation of Brewer’s thioglycolate medium 
with I ml. of an aqueous solution containing 2 mg. of concentrate. No growth 
was found after an incubation period of 72 hours. 

Roentgenological Procedure 

A. Dogs. Animals, fasted for 10 to 12 hours, were fed six o.s-gm. pUls of 
Priodax (Schering) concealed in a small amoimt of meat at least 15 hours prior 


Table i. ErrEci or intravenous injection of one dose of clintcal cck preparation 
(cck-iooa) on evacuation of canine gaix bladder visualized with priodax 


DOC (WT., sex) 

TOTAL CCK UKITACE 

CALL BLAODEK 
COKTBOL STIKTACZ 
ABEA 

LOWEST POST- 
INJECTION AKTA 

SXJSTACE ASEA 
DEC&EA5E 

ti. 


i 

cfn.* 

% 

1-15 (12.7, F) 

6 (t mg.) 

14.4 

I 3 -I 

9 

2-17 (lo.s, M) 

6 

27.7 

27.2 

2 

4-21 (7.0, M) 

6 

6.6 

6.6 

0 

SA (ii.i, hi) 

18 (3 mg.) 

iS -5 

12.2 

21^ 

6 A (11.4, M) 

18 

11.2 

8-5 

24 

jA (la.o, M) 

18 

12.2 

12.2 

0 

14 (s-o, M) 

36 (6 mg.) 

2.7 

0 

100 

1 (14.1, M) 

60 (10 mg.) 

11.2 

7-7 

31 

2 (13.S. 

60 

7-4 

S -2 

30 

3 F) 

60 

9.0 

8.0 

II 

4 (i 7 - 3 . M) 

60 

20.1 

18.S 

8 

6A 

60 

8.3 

6.2 

2S 

jA 

60 

16.3 

12.2 

25 

P (16.4, M) 

60 

8.8 

0 

100 

i-4ff (6.8, F) 

60 

3-1 


26 

2-4P (8.9, M) 

60 

7-9 


25 

3-4P (io- 7 . F)* 

60 

8.3 


52 

S ' (1S.7.F)’ 

ISO (25 mg.) 

12.6 


2 

10 (14.1, M) 

ISO 

9-8 


100 

12 (7-5, F) 

234 (39 ™g.) 

6.3 


100 

13 (8.9, M) 

240 (40 mg.) 

2.8 


100 

rf (13.7, M) 

240 

15-2 


50 


* The injection of 6o u (lo mg.) one hour after the first dose of concentrate gave a surface 
area of 10.4 cm.* or a further decrease of 15%. 

* Middle stage pregnancy. ’ Very late pregnancy. 


to roentgenography. Control films were exposed, and when visualization of the 
gall bladder was evident, the CCK concentrate was injected within 5 to 15 
minutes after the control film. Post-injection films were usually taken at 30- 
and 60-niinute intervals. The dogs were mounted in the same position for con- 
trol and post-injection filming. A tracing of the contour of each of the gall 
bladder shadows was made and the respective areas in square centimeters were 
measured by means of a planimeter. In some animals, successive doses of the 
hormone concentrate were injected. 
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B. Eumam. The subjects in this series consisted of normal mat f, 
the evening preceding the x-ray examination, 6 to 9 Priodax piUs “e h 
after a light relatively fat-free meal. For skin testing, a very smalllml t", 
concentrate m water fless than 0,15 mg.) was injected subcutaneously in li 
forearm just after the control films were exposed. An aqueous solu&n of fc 


DOG (WT,, SEX) 

CCK CONCENTBATE* 

TOTAL CCK rmilAGE 

GAU, 

bladder 

CONTROL 

SURPACE 

area 

SiCALLESt 

tost- 

injection 

area 

SffiMa 

TOX 

frcuASi 

Lx 

it. 



f»>.> 

cm.> 


( 13 . 0 , F) 

SI-46 

80 (20 mg.) 

18.8 

JA . 9 


L2 

(13.6, M) 

SI-46 

80 

5.2 

0 


Lz 

U 

(10.9, M) 

(2r.8, F) 

SI-46 

SI-46 

80 

80 

^6 

13.2 

s-s 

8.3 

36 

Ls 

(16.7, M) 

SI-46 

80 

II. g 

7.2 

0/ 

40 

L6 


SI-48 

80 

12,9 

6.7 

48’ 

(11.8, M) 

SI.46 

80 

9.0 

S-S 

39 



SI.48 

Bo 

7.6 

4.6 

39 

Nx 

(9.1, F) 

SI-86 

144 (36 mg.) 

11.0 

0 

100 

Ns 

(9.6, F) 

SI-86 

144 

9-7 

4 .S 

mm 

N3 

(12.3, M) 

SI-86 

144 

9-7 

8.4 

wm 


(ir.o, M) 

81-86 

144 

19.7 

I2.S 

37 

Ji 

(9-h M) 

SI.77K: 

200 (so mg.) 

10.8 

6.3 

0 



SI-48 

200 

8.1 

5.8 

■■ 

Jz 

(X0.9, M) 

SI.77K 

200 

12.4 

0 

100 



SI-48 

200 

9.6 

8.2 

15’ 

J3 

(14.0, M) 

SI-77K; 

200 

7-4 

0 

100 



SI-48 

200 

3.8s 

0 

100 

J4 

(10.9, M) 

Sr- 77 K 

200 

6.7 

3.7 

45 



SI-77K 

200 

9.2 

0 

100 

N4 

(16.0, F) 

SI-86 

300 (75 mg.) 

15.0 

7.2 

52 

N8 

(ii.o, M) 

SI-86 

400 (100 mg.) 

9.6 

0 

100 

Ng 

( 9 .S, M) 

SI-86 

420 (105 mg.) 

10.3 

0 

TOO 


J All of the SI concentrates contained 4.0 tr A total 01 4.0 v secreim/iuij. ui,i.u..cu 

in each except for SI-46 assaying 2.5 tJ (modified procedure emplojnng chloTofoim). 

* At least 3 to 7 days elapsed before a given dog was retested. 

’ Dog collapsed at the conclusion of the injection, with recovery in 2 minutes. 

hormone (2:5-4 ml.) was then injected intravenously and post-injection films 
were exposed after 30-, 60- and, in some cases, 15-minute intervals. Gallbladder 
measurements followed. The effect of a fatty meal (Cholex) was also teste 
radiologicaily in 3 of the subjects who responded only slightly to the ormon 
concentrate. 

results 

Tables i and 2 show the effect on the canine gaU bladder of single 
tions of 6 to 240 CCK units of the clinical product (CCK-iooA) and 80 4 
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units as contained in the cruder concentrates (SI), respectively. The latter 
•were also administered in consecutive smaller doses in dogs as indicated in 
table 3. A maximal evacuation of the gall bladder was achieved -within 30 
minutes after the injections of various amounts in 4 of the 9 experiments. 

The results obtained on the extent of gall bladder evacuation with 18 
to 150 CCK units of the clinical preparation in 8 normal human males appear 
in table 4. The experiments were repeated on 5 of these subjects, 2 receiving 
the same dose and 3 a higher dose. One subject {H.R.) received 18, 66, and 
150 units of the CCK concentrate. In aU cases, the period of time between tests 


Table 3. Gall bladder evacuation after serial injections of si cck concentrates 

IN dogs 


DOG* 

FlTPASATZOif 

COKTSOL 

AS£A 

HBST 

INJEC- 

TION 

i 

SUEFACE 

ASEA 

SECOND 

INJEC- 

TION 

STTETACE 

AEEA 

THISO 

INJEC- 

TION 

SURFACE 

A&EA 

TOTAL 

SURFACE 

AREA 

DE- 

CREASE 




units 

<WI.’ 


cm.* 

units 

cm.* 

% 

Ji 

SI-77K 

8.1 

68* 


68 

0.0 



100 


SI-4 

9.6 

68 

7.2s 

68 

6-S 

68 


ZOO 

J 3 

SI -4 

7-9 

68 

2.6 

68 

0.0 


H 

zoo 


SI -4 

12.7 

68 

9.0 

68 

8.1 

40 

B 

ss 

J4 \ 

SI -4 

8.4 

68 


68 

7 -sS 

68 


ZOO 


SI-77K; 

II . 3 

68 


68 

0.0 



zoo 

Ls 

SI-46 

II . 0 

40 

7.6 

40 

8.0 

40 

6.3 

43 

L 6 

SI-48 

12. 1 

40 

10.8 

40 

12.2 

40 

8.6 

29 


SI-46 

9.1 

40 

4-3 

40 

0.0 



ZOO 


* Time interval between dosages averaged is minutes, films being taken 13 minutes after each 
injection. 

* Film is very difficult to read; gall bladder is probably empty. 


on a given individual was 6 to 8 months. The gall bladder response of one 
subject (R.W.D.) to 66 units of CCK administered at two different times 
is shown in figure i. 

The results on the extent of evacuation of the gall bladder to a fatty meal 
by the 3 subjects who did not evacuate appreciably in response to CCK are 
shown in table 5. 


DISCUSSION 

The injection into dogs of single doses of the clinical preparation of CCK 
resulted in a wide variation of response. In the 10 dogs which received 60 imits 
of CCK or 60 mg. of preparation CCK-iooA, the decrease in the shadow of the 
gall bladder ranged from 8 to 100 per cent. As might be expected the results 
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show a trend towards a larger degree of evacuation when the dose of CCK is 
increased (tables i and 2). Definite evacuation was achieved with single or 
successive doses of CCK concentrates. 

It is not possible to obtain a quantitative dose-response relationship from 
the data so far accumulated, since effective contractions were ohtamed over a 


Table 4. Effect of single intravenous injection of clinical cck prepaeatiok 
(cck-iooa) on human gall blabber 


conraoL 

SOTTACE 

fXEA 


LOWEST TOST- TOTAL 

INJECTION SOlTAa 

STOTACE AlEA 

AIEA MOtEASE 


I. E.R. 

1. E.R. 

2. KM. 

2 . KM? 

3. T.K. 

4. DM. 

5. R.W.D.* 

6. R.W.D.* 

I. E.R.^ 

3. T.K.<> 

4. D.M.’’ 

6. E.G.^ 

7. L.L.G? 

8 . E.M.M.^ 


j kg. 1 I 

Dosage: i8 mils (3.0 mg.) 

1 91 ! 7 * 

Dosage: 66 mils (ii mg.) 

I I 


I ' ' 

Dosage: 150 units {25 mg.) 


8 . ti.ai.oi.- I .AJ I I 

fSnn nf rrK-iooA Rave erythema except in tn 

intense ‘hunger pains. after the injection. 

il)ioo 6 °plXrc rrfnss 

'.'CXli .r ». « pressure o.« »>• ■/.«- 

« De^ite reaction develops-itclung^ W <1 asthma, 

ministered; this subject was known to atm 

. Furthermore, complete duphcation of values 
wide dosage “ possible. [.rtors 

In the evacuation of the gaUbladfe^^^ »• 

other than the amoun o sensitivity and contractility o 

of the irnportant ones am a ^ „f .he hde in 6 

lature of the gaU bladder, v) 
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bladder, c) the state of tone of the ‘Sphincter of Oddi’ or the choledo- 
choduodenal mechanism and its response to CCK and d) the extent of 
eCK inactivation by blood (9, 10). The existence of several such variable 
factors, especiall}'^ variations in the tone of the choledochoduodenal mecha- 
nism, would mask the occurrence of a strict dose-response relationship. Yet, 
one should certainl}^ find a trend in that direction, as was observed. 



Fig I Gall bladder evaclation in human subject (R II' D ) after CCK A Control gall 
bladder B Complete empt) mg 20 minutes after injection of 66 units CCK-iooA A' Control B'. 
Contracted gall bladder after administration of same dose of CCK si\ months later 


The results with the human subjects (table 4) are quite striking. Of the 
4 receiving 66 units of CCK, one {R.W D ) emptied completely although sev- 
eral months later in response to the same dosage only a 31 per cent surface- 
area decrease occurred (fig i) Two other subjects showed a decrease in size 
amounting to 27 and 36 per cent, whereas one {D.M.) showed little or no emp- 
tying with 66 units as well as with 150 units Subject T K , who showed a 26 
per cent emptying with 66 units, gave about the same amount, namely 32 
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PQV cent, when 150 units of CCK was administered six months iater With fh 
latter dosage, a comparable amount of evacuation occurred with 0 n 
subjects (//.;?. and whereas little or no decrease ta slfea,: ^ 

obseryed m a of the subjects (L.L.G. and H.U.U.). The side-„acti„„ t 
veloped by stiijecl II.M.U. who is highly allergic might have contrihiitctl t<i 
his poor gall bladder evacuation. Snhject II. R. responded well with i-q unit 
of CCK, whereas dosages of 18 to 66 units were inedective. 

Although 3 of the cases did not markedly respond to 150 units of CCK 
some evacuation (table 5) did result after administration of a fatty meal 
This finding, however, does not argue against the possible usefulness of CCK 
ni diagnosis, since the matter of dosage and rate of injection may be involved. 

In the present study on humans, single injections of CCK were emplo)'ed^ 
because tliis technique, if feasible, would be of greater advantage to both pa- 
tient and roentgenologist. In view of the rapid inactivation of cholecystokinin 


Table 5. HtufAN gall bladder cONTRAcrroN after fatty meal 


CASC 

CON’TROL SaRFACE AREA 

SURFACE AREA 60 inNUTES | 
AFTER FATTY MEAL' ' 

TOTAL SURFACE AREA 
DECREASE 



i cm .2 

% 

4 . D.M. 

24.4 

i6.o 

34 

7 . L.L.G. ^ 

21.9 

14.0 

36 

S. 

13-4 

7.7 1 

43 


* 30 ml. Chole.'w (National Synthetics, Inc.). 


by body fluids and variations in tone of the Sphincter of Oddi, serial aliquot 
injections might be more eflicacious (9, 10). 

It should be noted that in addition to 6.0 units of CCK/mg., 6.0 units of 
secretin/mg. of concentrate were present. This is mentioned because the 
clioleretic effect of secretin may operate to promote filling of the gall bladder, 
especially during the second 30-minute post-injection period in the above ex- 
periments. 

The CCK concentrate (CCK-iooA) was non-antigenic to the guinea pig. 
Some toxic moieties may be present considering the reactions of one allergic 
subject (table 4). 


SUMMARY 

A sterile, non-antigenic, pyrogen-free cholecystokinin concentrate ha 
been produced and injected into 8 normal males after gall bladder visuaiza 
With the possible exception of 3 cases, all showed evacuatiOT w len or 
CCK units were administered intravenously m one dose. e injec 101 
repeated several months later in 5 of the subjects who again ^ 

manifesting some gall bladder evacuation. In dogs a goo ose 
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tionship, where the response was the extent of gall bladder evacuation, was not 
obtained. A trend indicating that the larger the dose the greater the evacuation, 
was noted. Possible reasons for this are discussed. 

The authors wish to acknowledge the aid rendered by Dr. Max Samter in the anti- 
genicity experiments, by Mr. H. G. Baker in some of the human roentgenography, and by 
Miss Betty Spaeth in bacteriological testing. 
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Character of Blood Flow in the Vasodilated Finger’ 


:iERE MEAD’ »M> ROBERT C. SCHOENFELD’ ritl il, , i 
njc.1 of M. ELIZABETH PILLION. F,« fc R J “i 


T 

HE EXTENSION TO THE DIGITS of volume plethysmographic techniques 
has greatly facilitated studies of digital vascular adjustments. A particular 
difficulty has been encountered, however, which does not arise in volume 
plethysmography of other bodily segments. In venous occlusion of markedly 
vasodilated fingers, levels of blood flow are so high that the volume increase 
of the part following occlusion is completed within the interval of two or three 
pulse waves. In such instances it is not possible to apply that method of 
measurement in which a line is drawn through corresponding points on suc- 
cessive pulse waves following occlusion and its slope is measured. Burton and 
Taylor (i) have described a method which obviates this difficulty, but which 
in itself is subject to considerable inaccuracies. In their method the slope of a 
line drawn tangent to the extrapolated curve of volume increase is measured, 
Because of the marked variation in duration of volume increase (and hence in 
the configuration of the extrapolated curve) which occurs with alterations in 
occlusion pressures, and ‘spontaneously’ at a given occlusion pressure, it has 
been found difficult to obtain consistent values by this method. 

The possibility that a more accurate method for measurement of high 
rates of flow in the finger could be derived from slopes of occlusion tracings 
immediately after occlusion and prior to the onset of ‘plateauing’ of the tracing 
stimulated the present work. It was thought, furthermore, that this method 
might permit a description of the course of blood flow through the finger during 
the pulse cycle. 

The rationale for this approach was developed along the following lines. 
It was assumed, first of all, that as long as venous outflow is completely ob- 
structed and arterial inflow is unimpeded by increasing pressure within the 
part, the slope of the volume tracing at any point after occlusion indicates 
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the instantaneous rate of arterial flow into the part that would have occurred 
at that instant independent of occlusion. To the extent that blood is escaping 
through veins beneath the occlusion cuff, and to the extent that arterial inflow 
is impeded, the rate determined would fall below arterial flow independent of 
venous occlusion. Inasmuch as the segment of the occlusion tracing prior to 
venous ‘escape’ and impeded arterial flow is of considerably less duration than 
that of a complete pulse cycle in a vasodilated finger, it would not be possible 
to determine the average rate of arterial flow from a single tracing. To accom- 
plish this it would be necessary to produce occlusions to cover a sufl&cient 
number of segments of separate pulse cycles to permit determination of the 
course of inflow alteration during the pulse cycle, from which a value for 
average flow could be derived. 

A description of the course of inflow during the pulse cycle would pennit 
also measurement of the variation in outflow from the part during the pulse 
cycle. The slope of the volume pulse cycle of the finger independent of venous 
occlusion represents a blood volume rate of change which is the resultant of 
two separate flow rates: /) the rate of flow into the part and 2) the rate of 
flow out of the part. When the two rates of flow are equal, the volume rate of 
change of the part is zero. When the two rates of flow are imequal, the volume 
rate of change of the part is equal to the difference in the rates of flow. A value 
for ‘instantaneous’ rates of outflow may be derived by subtracting, alge- 
braically, the pulse volume slope at a given point from the slope of an occlusion 
tracing (representing the rate of inflow) at an equivalent point. 

In practical application this method presented a number of problems. 
Inasmuch as only the initial segment of the occlusion tracing was of interest, 
it was necessary to produce complete venous occlusion within the briefest 
possible segment of time, and with a minimum of motion of the part. It was 
also necessary to produce venous occlusions at specific points along the volume 
pulse cycle, in order to determine the course of flow throughout the pulse 
cycle. Finally, since these determinations would necessarily be a composite 
derived from separate pulse cycles, it was necessary to make the observations 
during periods of relatively constant rates of flow. 

METHODS 

Volume Recording. A Burch-Winsor Finger Plethysmograph (Cambridge 
Instrument Co.) was utilized (2). A paper speed of 11.5 cm/sec. was obtained 
by means of an auxiliary camera motor; this speed was optimal for measure- 
ment of the slopes encoimtered. The adequacy of the plethysmograph for re- 
cording volume rates of change throughout the range encoimtered was checked 
by the use of an artificial ‘finger.’ One of the plastic plethysmograph cups was 
sealed over a s-cc. portion of a glass tube, the diameter of an average finger. 
The open end of the tubing within the cup had been covered with a thin rubber 
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membrane. Water at a 68 mm. Hg pressure head was run into the section of 
glass tubing through pressure tubing; an outlet ran from the glass Ln! 
through a stop-cock. With the air space within the plethysmograph cup con'' 
nected by pressure tubing to the volume recorder, water was run through the 
artificial finger at measured rates. When outflow from the finger was suddenly 
obstructed, the rubber membrane of the artificial finger distended into the 
plethysmograph cup. Volume tracings reflecting the increase in volume of the 
artificial finpr were straight lines, the slopes of which were measured and 
compared with direct measurements of rates of flow through the system. The 
results are presented in table i and demonstrate the adequacy of the instru- 
ment for recording volume rates of change over the M range encountered 
physiologically in this study. 

Venous Occlusion Apparatus, Air at 30 pounds/sq.in, pressure was intro- 
duced into a reservoir of 300 cc. capacity with an adjustable needle valve 
outlet permitting control of the pressure within the reservoir. A 6-inch long 
rubber pressure tube of ^-inch inside diameter ran from the tank to a solenoid 
operated valve. When the solenoid was energized, air was introduced into a 
1 5-inch length of pressure tubing of |-inch inside diameter which ran to the 
occlusion cuff. With the solenoid ‘off/ the occlusion cuff was open to the room. 

The occlusion cuffs were made in the following manner: ‘doughnut'- 
shaped aluminum forms painted with a coagulant were dipped in natural 
latex and vulcanized in an oven at ico'^C. for 20 minutes. The inner wall of 
the doughnut was replaced with a loose thin rubber membrane. The dough- 
nuts were individually fitted to fingers with minimal compression. At the pres- 
sures utilized (20-40 mm. Hg) the outer wall of the doughnut was little dis- 
tended, while the thin rubber membrane against the finger compressed the 
finger without appreciable stretching of the membrane. 

In order to measure the speed of pressure transmission to the finger, an 
indirect method was employed in which the time of deformation of another 
artificial finger was recorded in the following manner: a metal spool was sur- 
rounded with sponge rubber and an outer air-tight thin rubber membrane so 
that the outer diameter was approximately that of an average finger. T e 
sponge rubber over metal was used in an attempt to approximate the consis- 
tency of the finger. The chamber surrounded by the rubber membrane was 
connected to the volume recorder. An occlusion doughnut was fitted to the 
artificial finger and connected to the occlusion system. The speed of defolia- 
tion at a number of occlusion pressures was measured from tracings 0 am 
with the plethysmograph. Deiormation was 8o per cent completed wiftia 

0.02 second and complete in o.i second. woq cun- 

Posilioning of the Finger to be Studied. The finger 0 e ® , 

ported at heart level on a sand-fflled rubber bag whch ™ ^ “ 

evacuation pnmp. This technique of support utte the pnnaple of iMUncy 
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(3) and permits a readily molded but firm support which is comfortable for the 
subject, and at the same time prevents, to a considerable extent, motion of the 
part. The finger rested on a molded ridge in the sand bag; neither the plethys- 
mograph cup nor the occlusion doughnut was in contact with the support. 
The plastic plethysmograph cups were sealed wth Printer’s Roller Compound 
over the terminal phalanx of the 2nd, 3rd or 4th finger. The volume of the 
part was measured by overflow technique immediately after each experiment; 
the mean of at least 5 individual determinations was utihzed. The sensitivity 
of the plethysmograph was adjusted so that a lo-mm. deviation on the tracing 
represented a lo-cu. mm. change. The occlusion doughnut surrounded the 
proximal phalanx, the distance between the doughnut and the cup being 
approximately one inch. It was found necessary to occlude at this distance to 
avoid occlusion artifact. The possible errors introduced by this condition are 
evaluated below. 

Timing of the Occlusion. The voltage of the electrocardiac cycle was picked 
up by means of skin electrodes and amplified by a cardiotachometer which 
selectively modifies and amplifies the QRS complex. The electrical ‘pulses’ 
corresponding in time with the QRS complex were passed through a variable 
time-delay circuit; the output relay of the time-delay circuit was included in 
the occlusion solenoid circuit. When the time-delay circuit was closed, the 
next electrical impulse from the cardiotachometer ‘fired’ a th)Tatron tube; 
the output of the tube passed through a resistance-capacitance network. After 
a delay, which was continuously adjustable between o.i second and 2.0 sec- 
onds by varying the resistance leg of the R-C network, a second thyratron 
tube was fired which in turn closed the occlusion solenoid circuit. The occlu- 
sion was interrupted by breaking the th)T:atron circuits. At a given setting, 
repeated occlusions could be produced at approximately the same point of 
the volume piflse cycle (within ±0.05 second). With minimal delays it was 
possible to establish venous occlusion before the pulse wave (corresponding to 
the triggering electrocardiac cycle) arrived at the finger; with graded increases 
of the delay, occlusions could be produced at closely successive points along 
the volume pulse cycle. 

When random coverage of the volume pulse cycle was desired, a simple 
method of timing was employed. A separate time-delay circuit which afforded 
independent variation of the ‘on’ and ‘off’ phases was connected directly to 
the occlusion solenoid. With the ‘on’ phase set for an adequate duration of 
occlusion, and the ‘off’ phase set to span approximately 3 pulse cycles, re- 
peated occlusions occurred at random points along the volmne pulse cycle. 

PROCEDURE 

The experiments were performed in a constant temperature room at am- 
bient temperatures of 90° to 95°F. Subjects were 3 healthy young men and one 



684 


JERE MEAD AND ROBERT C. SCHOENFELD 

♦ olumt 2 


healthy young woman. They wore Hght clothing and were comfortably seated 
with fingers at heart level. In one experiment a subject was further warmed • 
water at ro50F. to the level of the umbilicus. Traigs with af 
separate occlusions were obtained over periods of 2 or 3 minutes at time, 
when spontaneous variations in finger blood flow were minimal as evidenced 
by minimal alterations of finger pulse and mean volumes. Fortunately this 
important condition is not difficult to attain in individuals near maximal 
levels of digital vasodilatation, for in this state spontaneous variations in 
blood flow are small (i). 


The possibility that the frequency of venous occlusion might in itself alter 
blood flow in the finger was investigated by comparing values obtained with 
varying intervals between occlusions. It was found that occlusions of short 
duration (approximately that of a single pulse cycle), produced as frequently 
as every third pulse cycle, yielded average values which were closely similar 
to average values obtained at greater occlusion intervals. 

Methods of Interpretation. Images of the tracings were projected by means 
of an opaque projector on large white cards. Approximately 50 individual 
pulse waves taken from the intervals between occlusions were superimposed 
and traced in pencil on the cards. When a generalized pulse wave had been 
established, pulse waves with occlusions were superimposed and traced. Slopes 
of the pulse waves and of the initial segments of the occlusion tracings (covering 
approximately an 0.04-second segment, beginning 0.04 second after the first 
deviation) were measured on the composite tracing. 


RESULTS AND DISCUSSION 


In figure i composite tracings obtained in two experiments are presented 
along with segments of plethysmograph records in which venous occlusion 
tracings were obtained by what may be called ^standard procedure. In the 
first example the subject had been sitting semi-nude in an empty bathtub at 
an ambient temperature of qs^’F. for one hour before the records were ob- 
tained. The subject was uncomfortably warm and was sweating moderately, 
as was evidenced by beads of perspiration forming on his face and forehead. 
The second tracings were obtained after a 45-minute period of further 0 y 
warming, accomplished by introducing water into the tub to the leve 0 ^ e 
umbilicus, the temperature of which was raised to and maintained at 105 
± s^’F. During this time the subject became markedly flushed. There were 
large beads of perspiration over the upper half of his body, Ms p se ra e 
increased from 60-80 to 110-120, and he was conscious of poundmg 

standard venous ocdusion tracings of figure t show 
the increase in pulse rate, there is little to rd 

contrast are the differences manifested by the composite tr g • 
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plitude is only sUghUy increased, the configuration of the pulse wave difc 
from the prehea tag configuration in the steepness of the initial volume increase 
m the depth of the dicrotic notch and, -of course, in the duration of the cycle 
The slopes of the m^vidual occlusion tracings are considerably greater throueh- 
out the pulse cycle in the tracings obtained after heating. ^ ' 

In figure 2 measurements made directly from the composite tracings are 
plotted. The observed variations in finger volume (independent of occlusion) 
finger volume rate of change (independent of occlusion), absolute finger volume 
rate of change initially following occlusions (rate of inflow), and the algebraic 
difference between initial occlusion slopes and corresponding volume pulse 
slopes (rate of outflow) are presented. In both instances inflow rises abruptly 
to maximal levels at a point corresponding to the maximal rate of finger vol- 
ume increase; thereafter it falls abruptly, rises somewhat in the segment of the 
dicrotic notch and then falls more gradually to minimal levels at the end of 
the pulse cycle. The values calculated for outflow rise less abruptly to maximal 
levels at about the time of maximal absolute finger volume; during the phase 
of finger pulse volume decrease outflow remains higher than inflow, falling 
gradually to minimal values at the end of the cycle. The curves of inflow and 
outflow intercept at the points of minimal and again at maximal finger volume. 

Before heating, the total variation in the rate of inflow was from 60 to 
290 cc/100 cc. of tissue/min. After heating, the range was 120 to 400 cc/ioo 
cc/min. Ranges for outflow before and after heating were: go to 150 cc/ioo 
cc/min. before, and 150 to 240 cc/100 cc/min. after body heating. 

Mean values for inflow, representing the average rate of blood flow 
through the part, were obtained by measuring the areas under the curves of 
inflow. The means of outflow, of course, gave the same values since absolute 
finger volume did not change appreciably during the tests. Before body heat- 
ing the average rate of flow through the finger was calculated to be 115 cc/100 
cc/min.; after body heating the average rate of flow had risen to 173 cc/100 
cc/min. Table 2 presents minimal, maximal and mean values for inflow and 
outflow obtained in 5 subjects (including the initial values on Subject A) 
observed under conditions similar to the ‘before body heating’ illustration. 
The patterns of the composite tracings obtained were similar to those pre- 
sented above. v, u 

In evaluating the results obtained, possible sources of artifact have been 

considered as follows: 

i) Artifacts Introduced by Non-linearity of the Volume Recording bystem. 
The adequacy of the volume recording system for recor^ng 
change over the range encountered physiologicaUy was demonstrated y 

orocedure described in Methods. 

,) Occmon C»ff Arlifacls. The fact that when repeated 
produced at any given point on the pulse cycle, occlusion pressu 
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A 



B 

Fig. 2. Meastjeements obtained from the composite tracings in figure i. 


varied as much as 25 mm. Hg without influencing the initial slopes, has been 
taken as evidence that d) venous occlusion is complete throughout this seg- 
ment; b) arterial inflow is not impeded by the direct effect of the occlusion 
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cuff; and c) ‘cuff artifact’, i.e. volume changes due to motion of tissue intn 
out of the plethpmograph cup, is negligible. Additional evidence of fte 
absence of occlusion artifact was obtained by showing that 'occlusions’ nro- 
duced no volume change in arteriaUy occluded fingers. Furthermore 
intact circulation, no artifact was observed at low rates of blood fiow’whpn 

the volume increase foUowing occlusion was as bttle as one mm in /cm nf 
record. . ^ ^ 


3) Limitaiions Introduced hy the Distance of the Occlusion Cuf from the 
Inclosed Part, mile placement of the occlusion cuff at the level of the proximal . 
phalanx permitted the necessary freedom from cuff artifact, it at the same 
time introduced a considerable limitation in interpreting the results. To the 
extent that venous blood ‘escaped’ from the inclosed terminal phalanx to the 
uninclosed middle phalanx, recorded flows deviated below actual terminal 
phalangeal flows. To investigate the extent of this effect 2 occlusion cufls were 
employed. One was placed at a distance of to |-inch from the cup, so that 


Table i 

Directly Measured Rates of Flow 
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80 : 
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384 

1 

4 S 6 

460 

Rates of Flow Measured from Tracings 

14 ] 

6 a 

80 

[ 89 

[ 160 

186 

204 

334 

1 344 

410 

412 

480 

480 


Rates of flow as expressed are equivalent to cc/ 100 cc. tissue/min. 


the intervening distance was as small as practicably possible. The other sur- 
rounded the proximal phalanx at a distance of one inch to one and one-half 
inches from Ae cup. High rates of flow could not be compared for the very 
reason that the more proximal cuff had been utilized in the remainder of the 
studies (i.e. cuff artifact produced by the distal cuff prevented accurate meas- 
urement). However, over a range from 5 cc. to approximately 70 cc/ioo cc/ 
min. satisfactory measurements could be made with the distal cup. When 
averages of approximately 100 such flows obtained alternately with the 2 
cuffs over a period of about 5 minutes were compared in 2 individuals observed 
on 3 occasions each, average flows with the distal cuff ranged from 50 to 200 

per cent higher than proximal cuff flows. 

Mean flows recorded in this report, therefore, are not ‘true flows through 
the terminal phalanx, but rather represent intermediate values lying between 
the rate of flow through the entire digit distal to the occlusion cuff and fta 
through tl>e inclosed terminal phalanx. The fact that ““ 

between proximal and distal cuS flows did not alter measurably for g 
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individual over the range of flows studied, suggests that a similar difference 
may exist at maximal flows, and that true flows through the inclosed part 
may be as much as 3 times the magnitude of those recorded in this paper. 
Furthermore, if it may be assumed that the rate of venous escape from the 
inclosed to the uninclosed segment of the digit is greatest during the phase of 
maximal calculated venous flow, the true extent of venous and arterial flow 
variation during the pulse cycle is greater than the recorded variation. 

4) Possibility of Arterial Back-flow. An assumption that ‘outflow’ from 
the digit is entirely through veins is subject to question by a finding of Wright 
and Phelps (4). In studies of blood flow in the calf and foot, utilizing a very 
sensitive air plethysmograph, they noted negative slopes during the late sys- 
tolic phase of pulse cycles following venous occlusion, and concluded that 
this represented arterial back-flow produced by transient reversals of the 
pressiue gradient between the larger arteries and the more peripheral vessels. 
This phenomenon did not occur at high flows. Under the conditions presented 


Table a. Rates of digital blood flow in cc/ioo cc/min. 


! 

SUBJECT 

SEX 

UEAK IXOW 

UAXmAE ^ 

INTLOW 

1 QNI 1 XAL ^ 

INFLOW 1 

UAXIUAL 

OUTFLOW 

mNlUAL 

OUTFLOW 

A 

Male 

mm 

290 

60 

ISO 

90 ^ 

B 

Male 


275 

70 

183 

90 

C 

Male 

126 

200 

75 

IS8 

90 

D 

Male 


280 

100 

190 

118 

E 

Female 

■ifl 

309 

S8 

222 

98 


here, phases of arterial backflow were never observed, as evidenced by the 
consistently positive slopes of the occlusion tracings. Hence, ‘inflow’ is con- 
sidered to be arterial, and ‘outflow,’ venous. 

In conclusion, it may be stated that in the vasodilated finger venous blood 
flow is markedly pulsatile. Average levels of flow through the terminal pha- 
langes are at least as high as the values recorded, and may be. considerably 
higher. If 150 cc/ioo cc/min. be near maximal flow through the terminal 
phalanx, and 30 cc/ioo cc/min., a comparable value for the entire hand, at 
least 35 per cent of the maximally vasodilated hand’s blood flow is through 
the 5 terminal phalanges, which represent approximately 5 per cent of the 
volume of the hand and ig per cent of its surface area. The hypothesis that 
flow through the arteriovenous shimts known to be present in the digit ac- 
counts for the high flow observed in the digits is an attractive one which has 
received some experimental confirmation in the skin temperature studies of 
Grant and Bland (5, 6). The findin g of pulsatile venous flow in the vasodilated 
finger lends further support to this hypothesis. 
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SUMMARY AND CONCLUSIONS 

A method is described for the determination of instantaneous rates of 
arterial and venous flow through the fingers from measurements of volume 
plethysmographic venous occlusion tracings. In vasodilated fingers, both arte- 
rial and venous flow have been shown to be markedly pulsatile in character 
during the course of the pulse cycle. Values for mean rates of blood flow through 
the finger are derived from measurements of the areas under the curves of 
arterial or venous blood flow alteration throughout pulse cycle. In 5 individuals 
seated in an uncomfortably warm environment, mean flow ranged from 115 
cc. to 142 cc/ioo cc. tissue/min. In one individual, further warmed in a bath 
tub, a mean value of 173 cc/ioo cc/min. was obtained. Evidence is presented 
which suggests that actual mean rates of flow through the terminal phalanx 
exceed these values 2- to 3-fold. The pulsatile character of venous flow in the 
vasodilated finger is consistent with flow through arteriovenous shunts known 
to be present in the finger. 
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